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~, accuracy and easy manipulation at low cost. The 
: chamber is the same as that supplied with the motor drives 
_.. Research Model. It is guaranteed to be calibrated to 40.08 
-) mi. at 0.5 ml. and +0.005 ml. at 2.0 ml. 
This new model is conveniently shaken by hand. The omission 
of the water jacket and the use of the meter stick to read the 
ressures on the manometer introduce an error not exceeding 
.2 vol. per cent. 
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The low price of the Junior Model Van Slyke Manometric 
Apparatus makes possible its more general use in student 
instruction and clinical laboratories. 
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the millimeter scale etched on the glass manometer tube, and 
the latter fused to the apparatus. 
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STEROIDS 
IV. THE FATE IN MAN OF INJECTED a-ESTRADIOL* 


By R. D. H. HEARD ann M. M. HOFFMAN 


(From the Depariment of Biochemistry, Dalhousie University, Halifaz, 
Canada) 


(Received for publication, July 28, 1941) 


Since the establishment of a-estradiol as the principal estrogenic 
substance of follicular fluid (Doisy and coworkers (2)), the view 
has been generally held that the less potent urinary estrogens, 
estrone and estriol, represent excretory transformation products 
of this primary ovarian hormone. The obvious test of the valid- 
ity of the hypothesis is the ability to demonstrate such a con- 
version in the animal body. Biological and colorimetric assays 
of fractionated extracts of urine from the a-estradiol-injected 
monkey (Westerfeld and Doisy (3)) and rabbit (Pincus (4)) have 
indicated the ketonic and weakly phenolic character of a large 
proportion of the estrogens excreted, and thus good evidence of 
dehydrogenation of a-estradiol to estrone in these species is pro- 
vided. While this reaction proceeds in the absence of uterus and 
ovary (3, 4), the possible conversion to estriol, as judged by in- 
crease of activity in the strongly phenolic urine fraction and its 
positive David (5) color test, is dependent upon the presence of a 
functional uterus (Pincus and Zahl (6), Pincus (4)). More re- 
cently, chemical proof of the oxidation of a-estradiol to estrone in 
the overiectomized guinea pig has been achieved with the isola- 
tion of the latter after administration of the former (Fish and 
Dorfman (7)). The examination by strictly chemical methods of 
the fate of a-estradiol in man herein reported was undertaken to 
gain insight into the interconvertibility of the various estrogens 
in the human and to elucidate other aspects of estrogen metab- 
olism, presently discussed. 


* Presented in part before the American Society of Biological Chemists, 
1941 (1). 
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330 a-Estradiol Metabolism 


A total of 250 mg. of carefully purified a-estradiol in 30 ml. of 
corn oil was given intramuscularly over a period of 8 days to a 
normal male subject. The patient experienced moderate nausea 
which ceased abruptly on discontinuance of injections. Gyneeo- 
mastic changes were manifested from the 2nd day by symmetrical 
hypertrophy of the breasts and pronounced tenderness of nipples 
and areoli; regression was gradual over several weeks, presumably 
because of slow absorption of residual hormone. The urine ex- 
creted during the administration period and the following 10 days 
was strongly acidified (40 ml. of concentrated hydrochloric acid 
per liter) and autoclaved at 15 pounds pressure for 2 hours, 
which treatment effects optimum hydrolysis of the conjugated 
estrogens in normal male human urine (Callow, Callow, Emmens, 
and Stroud (8)). After extraction with benzene and removal 
of acids with sodium carbonate, 890 mg. of phenols and 957 mg. 
of neutral substances were obtained. The ketonic phenols (40 
mg.), separated with Girard’s (9) Reagent P, gave up on sublima- 
tion 16.2 mg. of estrone, which was identified by mixed melting 
point determination and as benzoate. The extent of the conver- 
sion of a-estradiol to estrone in man is thus 6.4 per cent; Fish and 
Dorfman (7) obtained 3.1 to 3.7 per cent in the guinea pig. From 
the non-ketonic phenols (113 mg. after removal of light oils dis- 
tillable below 115°), no unchanged a-estradiol could be precipitated 
with digitonin, but, by adsorption on aluminum oxide and elution 
with 10 per cent acetone in ligroin, 9.8 mg. (3.9 per cent) were re- 
covered. Careful examination cf the remaining non-ketonic 
phenols by chromatographic separation into 63 fractions failed 
to reveal the presence of estriol! or of 8-estradiol, a metabolite which 
Stroud (12) and Fish and Dorfman (13) isolated from the urine of 
the intact female or hysterectomized-ovariectomized rabbit fol- 
lowing the adminstration of either a-estradiol or estrone. Eluted 
with absolute ligroin was a small quantity (about 6 mg.) of an un- 
identified compound as prismatic crystals which melted at 198- 
202° and exhibited with sulfuric acid an intense greenish blue 


‘In view of the findings of Pineus (4, 6), it is improbable that estriol 
would be formed in the absence of a uterus. Also previous treatment ex- 
cludes the presence of more than residual traces of estriol at this stage, asit 
is almost completely extractable from benzene with carbonate (Mather 
(10); Bachman and Pettit (11)). 
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fluorescence. ‘The substance proved to be non-phenolic, as judged 
by its insolubility in aqueous alkali and negative Millon and xan- 
thoproteic reactions. Salt formation readily took place in warm 
ethanolic sodium hydroxide solution, which accounts for the pres- 
ence of the compound in the “phenolic” fraction and possibly 
indicates the opening of a lactone ring. 

Only a small proportion of the hormone injected is thus accounted 
for as phenolic estrogen (10.3 per cent, based on the quantity of 
estrone and unchanged a-estradiol isolated). This is entirely 
consistent with the findings of many investigators concerning the 
fate of estrogens in the body (for reviews of the literature, see 
Allen, Hisaw, and Gardner (14) and Zondek (15)). Irrespective of 
species or of the chemical nature of the estrogen given, no more than 
3 to 20 per cent of the biological activity of the hormone adminis- 
tered is demonstrable in the urine. While much earlier work in 
this connection is largely invalidated because of improper hydro- 
lytic treatment, the low recovery is amply borne out by the results 
of more recent and the present investigations in which optimal 
conditions of hydrolysis and efficient methods of extraction are 
employed. Since the quantity of estrogen eliminated by way of 
the intestine, or stored in the organism, is negligible (Zondek (15), 
Dingemanse and Laqueur (16)), the conclusion is inescapable that 
the remaining 90 odd per cent undergoes chemical alteration 
(beyond simple conjugation) in such a manner that physiological 
potency is destroyed. Offered in explanation have been several 
reactions leading to products with little or no biological activity: H 
(a) oxidative attack in the ortho or para position with respect to / 
the phenolic hydroxy] group, analogous to the oxidation of tyrosine 
by tyrosinase (Raper (17)), suggested by Westerfeld (18) in view 
of the rapid inactivation in vitro of the natural estrogens by a ( 
thermolabile, cyanide-sensitive enzyme of liver (see Zondek (15), 

Heller (19)) and by the direct oxidases (laccase) of the mushroom 
(Westerfeld (18), Graubard and Pincus (20)) and other plants 
(15, 20); (6) rupture of Ring D at the carbony! group, accomplished 
in vitro by oxidation of estrone in alkaline medium with hydrogen 
peroxide, with the formation of the corresponding C,;''C,; hydroxy 
acid, which lactonizes immediately on acidification of the alkaline 
solution (Westerfeld (21)). Possible substantiation of such a 
mechanism of inactivation of steroidal hormones in the body is 
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afforded by the excretion of similar lactones during pregnancy in 
the mare. A compound, Ci 9H2O0;, previously isolated by one of 
us (Heard (22)), has been positively identified as a ketolactone 
(unpublished observations), and Jacobs and Laqueur (23) have 
encountered a closely related ketolactone with the same empirical 
formula; (c) complete saturation of the benzenoid ring to one or 
more of the corresponding estranediols. Two of these are con- 
stituents of the urine of normal women (Marker, Rohrmann, 
Lawson, and Wittle (24)), and the only logical presumption is that 
they arise from endogenous estrogen. Also the occurrence of A- 
5 ,7 ,9-estratrien-3(3)-ol-17-one in equine pregnancy urine (Heard 
and Hoffman (25)) strongly suggests that reduction of the benze- 
noid Ring A of equilenin proceeds in vivo. 

Mindful of these possible metabolic pathways, we conducted a 
thorough search for respective excretory products. Westerfeld’s 
lactone (m.p. 335-340°) would appear in the phenolic fraction,? 
and it has already been mentioned that only a-estradiol and an 
unidentified compound (m.p. 198-202°) were obtained therefrom. 
While the latter substance has certain lactonic properties, it is 
also non-benzenoid, and therefore not derived from a-estradiol 
unless reduction in Ring A has taken place, but even so, the quan- 
tity excreted accounts for only 2.4 per cent of the hormone adminis- 
tered. Fully reduced estrane derivatives are neutral in reaction. 
Accordingly, the neutral fraction (957 mg.) was processed with 
Girard’s reagent to give 217 mg. of ketones, which were separated 
into twenty-nine fractions by elution from alumina with carbon 
tetrachloride and carbon tetrachloride containing increasing quan- 
tities of ethanol (Callow’s (26) procedure). Isolated in the approxi- 
mate yield (mg. per liter of urine) indicated and identified by mixed 
melting point determinations were androsterone (0.76), dehydro- 


*We have confirmed this partition between benzene, carbonate, and, 


alkali. Excess of Westerfeld’s lactone was shaken with 200 ml. of benzene, 
and, after filtration, the benzene solution was extracted three times with 10 
per cent carbonate, and then with nN sodium hydroxide solution. Acidifiea- 
tion of the carbonate washings (acid fraction) yielded nothing, while from 
the sodium hydroxide extracts (phenolic fraction) was recovered the orig- 
inal lactone melting at 315-320° (uncorrected; long stem thermometer). 
Our thanks are due Dr. W. W. Westerfeld, who kindly furnished details 
of the preparation of the lactone from estrone 
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isoandrosterone (0.47), and etiocholan-3(a)-ol-17-one (0.88). From 
the non-ketonic neutral fraction (540 mg.) 120 mg. of alcohols 
were removed by way of their half succinates, and divided with 
digitonin into an a (104 mg.) and a8 (15 mg.) portion. Chromato- 
graphic separation, respectively into 57 and twelve fractions, ef- 
fected the isolation of pregnane-3(a) ,20(a)-diol (0.17 mg. per 
liter) and cholesterol (0.07 mg. per liter). Concerning these five 
steroids, no further comment need be made, as each has been es- 
tablished as a normal constituent of male urine in this approxi- 
mate amount by two or more independent groups of investigators 
(for a review of the literature, see Engel, Thorn, and Lewis (27)). 
Neither of the two estranediols or estranediones characterized 
by Marker, Rohrmann, Lawson, and Wittle (24) was encountered, 
nor any appreciable quantity of unidentified compounds which 
might conceivably represent other products of reduction of the 
estratriene nucleus (7.e., the estranolones, and the isomeric estrane- 
diols and estranediones, all undescribed). In the latter connec- 
tion, only two unknown substances were obtained, both from the 
non-ketonic a-carbinol fraction, in traces only (respectively 4 and 
3 mg.) and in crude state (m.p. 152-162° and 132-152°). 

While it is realized that failure to isolate Westerfeld’s lactone 
or any recognized estrane derivative does not afford conclusive 
proof of the total absence of reactions (b) and (c) in the male or- 
ganism, it is quite apparent that an insignificant proportion, if 
any, of the injected a-estradiol is metabolized by these routes. 
Conceivably dibasic acids, or hydroxy acids which lactonize only 
with difficulty, might arise on ring opening, and these would be 
contained in the unexplored carbonate extracts, but the burden 
of our evidence, albeit negative, credits the belief that the major 
part of the hormone is inactivated by an oxidative mechanism such 
as (a). Presumably this takes place in the liver, which is the only 
body tissue with marked power of inactivation of estrogen in vitro 
(15, 19). Also this site is indicated by the great loss of activity 
on perfusion of estrone through the surviving heart-lung-liver 
preparation in the dog, in contrast to relative stability in the heart- 
lung system (Israel, Meranze, and Johnston (28)), and by the 
increased effectiveness of estrogen in animals with livers poisoned 
with carbon tetrachloride (Talbot (29), Pincus and Martin (30)). 
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EXPERIMENTAL 


Melting points were observed under a cover-slip on a micro- 
scope slide heated on the stage of the Kofler-Hilbck micro melting 
point apparatus (31). The values recorded are corrected, the 
limits defining the temperature of first appearance of liquid and 
that of complete clearing of the melt. 

Microanalyses were kindly carried out by Mrs. Dorothy Jewitt, 
Ayerst, McKenna and Harrison, Ltd., Montreal. 

Administration of a-Estradiol and Processing of Urine—The 
a-estradiol used was prepared from estrone* by reduction with 
Raney’s nickel in alkaline solution (method of Whitman, Winter- 
steiner, and Schwenk (32)). The product was purified via its 
digitonide and repeated recrystallization from ethanol and acetone 
to a constant melting point of 175-177°.4 250 mg., in 30 ml. of corn 
oil (Mazola), were injected over 8 days into the deltoid muscles of 
one of us (M. M.H.). Urine was collected throughout the adminis- 
tration period and the succeeding 10 days (total volume 18.7 liters). 
With the accumulation of about 3 liters every 3rd day, concentrated 
hydrochloric acid was added (40 ml. per liter), and the mixture 
was autoclaved at 120° for 2 hours. On cooling, the solution was 
further acidified with concentrated hydrochloric acid (10 ml. per 
liter), approximately saturated with sodium chloride, and extracted 
ten times with 500 ml. portions of benzene. The combined benzene 
extracts of the entire output were concentrated in vacuo to 3 
liters and washed free of acids with 10 per cent sodium carbonate 
solution (6 X 350 ml.). Phenols were then shaken out with | 
nN sodium hydroxide solution (10 & 300 ml.) and collected from 
the acidified alkaline extracts with ether (5 & 400 ml.); evapora- 
tion of the washed ethers vielded 890 mg. of semicrystalline 
reddish gum (Fraction A). The original benzene extract containing 


* Generously provided by the Connaught Laboratories, University of 
Toronto, through the courtesy of Professor C. H. Best. 

‘ In the Kofler-Hilbck apparatus (but not by the usual capillary method) 
pure a-estradiol crystallized from ethanol or acetone melts partly in the 
neighborhood of 100°, resolidifies, and melts completely at 175-177°. As 
material sublimed in vacuo does not exhibit the double melting point, the 
phenomenon is probably due to solvent of crystallization, which can only 
be removed by vacuum desiccation at high temperature (David, de Jongh, 


and Laqueur (33 
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the neutral fraction was washed with water and taken to dryness 
(957 mg. of pigmented oil) (Fraction B). 

Isolation of Estrone—The total phenols (Fraction A) in 8.5 ml. 
of absolute ethanol and 1.3 ml. of glacial acetic acid, were refluxed 
(1 hour) with Girard’s (9) Reagent P (1 gm.). The solution was 
poured into an ice-water mixture (80 ml.) containing sufficient 
standard alkali to neutralize the acetic acid used, and then extracted 
four times with ether. Evaporation of the washed ethereal ex- 
tracts vielded the non-ketonic phenolic fraction (C). The aqueous 
phase, together with the first water washing from Fraction C, 
was acidified with hydrochloric acid to 1 N and after 1 hour ex- 
tracted four times with ether. On distillation of the solvent, 
40.4 mg. of semisolid ketonic phenols resulted. These were sub- 
jected to distillation at approximately 0.01 mm. pressure; up to 
115°, 7.7 mg. of light oils were removed, and from 170° to 180°, 
16.2 mg. of crystals (m.p. 248-253°) sublimed. One erystalliza- 
tion of the latter from 95 per cent ethanol gave estrone melting at 
252-255°, and at 254-257° on admixture with an authentic speci- 
men (m.p. 257—260°). 

For further identification, 10 mg. of the isolated estrone were 
benzoylated by the Schotten-Baumann method. After three re- 
erystallizations from aqueous ethanol, the product (4.1 mg.) 
melted at 211-213°; mixed with authentic estrone benzoate (m.p. 
213-215°), the melting point was 212-214°. 


Analysis—C,sH,,O(OCOC,H,). Caleulated. C 80.17, H 7.00 
Found. ‘* 79.84, ‘* 7.28 


Examination of Non-Ketonic Phenolic Fraction (Isolation of 
Unidentified Compound Melting at 198-—202° and of a-Estradiol)— 
The non-ketonic phenols (Fraction C), which weighed 113 mg. 
after removal in vacuo of light oils distillable below 115°, were 
treated with digitonin (150 mg. in 7.5 ml. of 80 per cent ethanol) 
in an effort to separate the sparingly soluble digitonide of a- 
estradiol. No precipitate formed on standing for 2 days. Ether 
(250 ml.) was then added, and the precipitated digitonin was col- 
lected and well washed with ether. After distillation of the solvent 
from the combined ethereal filtrate and washings, the residual oil 
was taken up in acetone (1.5 ml.), brought almost to the point of 
incipient precipitation by addition of ligroin (5 ml.), and adsorbed 
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on a column (8.5 X 5 em.) of aluminum oxide (EK. Merck, Darm- 
stadt,® standardized according to Brockmann; 4 gm.) which had 
previously been saturated with ligroin. Elutions were carried 
out with successive 25 ml. portions of solvent, as indicated in 
Table I. 

On evaporation of the ligroin from Fractions 2, 3, and 4, 6 mg. 
of solid material melting from 170—200° remained. This was sub- 


TABLE | 


Chromatographic Separation of Non-Ketonic Phenolic Fraction 


Frae- é Eluate Compounds 
tion Eluent 
No. Yield Character M.p. nn 
mg. c. 
l Ligroin 1.6 Oil 
2- 4 " 6.0) Crystalline 170-200) Unidentified, 
m.p. 198- 
202° 
5-8 2.1) Gums 
9-12 Acetone(5%)-ligroin 7.4 we 
13 Acetone (10%)-ligroin 7.7 Semicrystal- 
line 
14-17 Same 9.8 Crystalline (163-174 a-Estradiol 
18 rm 1.3 Gum 
19-22 Acetone(20%)-ligroin 15.8 Gums 
23-41 Acetone (30-100%)- 13.3 ~y 
ligroin 
42-60 Ethanol (10-100%)- 30.1 
acetone 
61-63. Ether 1.5 
Total..... 7 96.6 


limed at 160° and 0.01 mm., which procedure separated from a 
trace of oil about 4 mg. of large colorless prisms (m. p. 198-202°), 
very soluble in chloroform, sparingly so in ethanol. With sulfuric 


5 It is worth while calling attention to the observation of Talbot, Wolfe, 
MacLachlan, and Berman (34) that Merck’s (Rahway) alumina, also 
standardized according to Brockmann, possesses different adsorptive 
properties with respect to certain steroids investigated by them. Con- 
sequently the conditions of adsorption and elution of the various compounds 
herein described need not obtain with the American product. 
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acid in the cold, the compound exhibited an intense greenish blue 
fluorescence, indistinguishable from that shown by £-estradiol 
(32). As evidence of the non-phenolic nature of the substance, 
Millon’s test (modified method of Cole (35))* and the xanthoproteic 
reaction were negative, and a trace of the material, precipitated 
in finely divided state from ethanol with water, could not be dis- 
solved in 1 N aqueous sodium hydroxide even on prolonged boiling. 
From solution in 0.5 nN ethanolic sodium hydroxide, readily effected 
with the aid of heat, no precipitate was obtained on dilution with 
water, but acidification immediately caused flocculation. Judged 
from this behavior with alkali, it is probable that the compound 
is a lactone, but paucity of material prevented further charac- 
terization. 

Fractions 14 to 17, eluted with 10 per cent of acetone in ligroin, 
afforded a total of 9.8 mg. of crystalline residue melting at 163- 
174°, with needles which sublimed on the cover-slip, at 170-174°. 
After purification by distillation (140°, 0.01 mm.), reerystallization 
from ethanol, and another sublimation, 2.1 mg. of stout prisms 
were obtained which melted at 175-177°, both alone and on ad- 
mixture with authentic a-estradiol. 

Attempts to crystallize all of the remaining eluates from vari- 
ous solvents proved abortive. 

Examination of Ketonic Neutral Fraction (Isolation of Dehy- 
droisoandrosterone, Androsterone, and Etiocholan-3(a)-Ol-17-One)— 
The total neutral material (Fraction B) was first divided with 
Girard’s Reagent P (500 mg.), as described above, into a ketonic 
(217 mg.) and a non-ketonic (540 mg.) (Fraction D) portion. 
The ketonic oil, in 5 ml. of carbon tetrachloride, was put through 
a chromatograph column (11 X 0.8 em.) containing 5 gm. of alu- 
minum oxide previously saturated with carbon tetrachloride. 
Elutions with successive 25 ml. portions of eluent proceeded in 
accordance with Table IT. 

Fractions 5 to 8, eluted with absolute carbon tetrachloride, and 
carbon tetrachloride-ethanol (0.1 per cent), yielded semicrystalline 


* In our experience, Millon’s reagent prepared from mercury in the usual 
way is most unsatisfactory for detection of phenolic steroids. Only a 
yellow, or at best, a transient red coloration develops. In the modified 
mercuric-nitrite reaction of Cole, a minute quantity of estrone gives rise 
to an intense and fairly permanent orange-red solution. 
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solids melting over a wide range and containing considerable 
digitonin-precipitable material. They were therefore combined 
(total weight 29 mg.), and dissolved in 6 ml. of warm 90 per cent 
ethanol containing 75 mg. of digitonin. The digitonide precipi- 
tated after several days at —2° was collected, washed with cold 
ethanol, and dried (55.5 mg.). Two decompositions in pyridine 
(Bergmann’s procedure (36)) vielded 8.8 mg. of sticky crystals 
which were benzoylated in anhydrous pyridine (8 drops) with 4 
drops of benzoyl chloride (overnight at room temperature). The 


TABLE II 


Chromatographic Separation of Neutral Ketonic Fraction 


er Fluent i racnmen Compound 
— Yield Character M.p. 
mg. °C 
l- 4) CCl 61.5 Gums 
5 xi 2.7\ Crystalline |112-127 | Androsterone 
6 Ethanol (0.1%)-CCl, 2.4 108-136)! and dehydro- 
7-8 | Same 23.9) Semicrystal-| 98-138 [ isoandros- 
line } terone 
9-11 +5 35.0 Gums 
12-14 16.4, Semicrystal-,100-137, Etiocholan- 
line 3(@)-ol-17- 
one 
15-18 Ethanol(0.2%)-CCl, 3.2) Gums 
19-27 | Ethanol (0.3-5%)-CCl, | 24.3 “ 
28-29 | Ethanol 24.6 F 
Total 193.7 


product was isolated with ether and twice recrystallized from ace- 
tone to give 2 mg. of dehydroisoandrosterone benzoate melting at 
240-247°, and at 243-250° when mixed with an authentic specimen 
(m.p. 253-254°). 

The digitonin-non-precipitable part of Fractions 5 to 8, recovered 
on evaporation of the ethanolic filtrate and washings from the above 
digitonide after removal of excess digitonin by precipitation with 
ether, consisted of 20 mg. of amorphous solid, which was refluxed 
(3 hours) with 50 mg. of hydroxylamine hydrochloride in ethanol- 
water (3 ml. to 1 ml.) containing 10 mg. of sodium acetate. A 
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trace of flocculent material, insoluble in the hot solution, was dis- 
carded, and the oxime, filtered off after dilution with water, was 
crystallized from acetone (15 mg. of plates arranged in rosettes). 
It melted at 202-208° (sublimed crystals, 205-208°), and at 205- 
209° on admixture with androsterone oxime (m.p. 205-209°). The 
oxime was hydrolyzed (2 hours on the bath) with 1 ml. of 3 N 
sulfuric acid in 3 ml. of ethanol, and the androsterone, isolated with 
ether, had after sublimation at 130-140° (0.01 mm.) and two re- 
erystallizations from aqueous methanol a melting point of 180- 
182° (unchanged on admixture with international standard an- 
drosterone, m.p. 183-184°). 

Fractions 12 to 14, also eluted with 0.1 per cent ethanol in car- 
bon tetrachloride, each consisted of a gummy solid, m.p. 100-137°, 
with sublimed out needles on the cover-slip, m.p. 135-137°. The 
three residues were combined (16.4 mg.) and distilled (135-140°, 
0.01 mm.). Crystallization of the distillate from aqueous methanol 
deposited long slender needles, m.p. 144-148°, which melted at 
145-148° when mixed with etiocholan-3(a)-ol-17-one’ (m.p. 146— 
149°). 

None of the remaining eluates could be induced to crystallize. 

Examination of Non-Ketonic Neutral Alcohols (Isolation of Choles- 
terol and Pregnane-3(a) ,20(a)-Diol) ~The non-ketonie neutral 
fraction (D), in 10 ml. of dry benzene and 2 ml. of anhydrous 
pyridine, was refluxed 14 hours with 900 mg. of succinic anhydride. 
Ether (80 ml.) was added to the cooled solution, and pyridine re- 
moved by repeated washing with 2 N hydrochloric acid. The half 
succinates of the alcohols were then extracted with 10 per cent sodi- 
um carbonate (4 & 20 ml.) and collected from the acidified carbonate 
solutions with ether (4 X 40 ml.). Saponification of the residue 
from the washed ethers was effected by refluxing in 5 ml. of 3.5 N 
ethanolic potassium hydroxide for 1} hours, when water (50 ml.) 
was added and the free alcohols were extracted with ether (4 XK 20 
ml.). On distillation of the solvent, 120 mg. of a semisolid orange 
gum remained. This was treated with digitonin (210 mg. in 14 
ml. of 80 per cent ethanol), and, after 24 hours at —2°, the insoluble 
digitonides were collected, washed with cold ethanol, dried (83.4 


7 We are indebted to Dr. L. L. Engel for the specimen of etiocholan-3(a)- 
ol-17-one. 
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mg.), and twice decomposed in pyridine (36) to give 15 mg, of 
partly crystalline 8-carbinols. The a-carbinols, 104 mg. of an 
orange gum, were recovered from the ethanolic mother liquors 
as before. 

The non-ketonic 8-carbinols (15 mg.), in acetone-ligroin (0.3 
ml. to 1 ml.), were adsorbed on a chromatograph column (6 XK 0.6 
em.; 1.5 gm. of aluminum oxide) prepared with ligroin. Twelve 
elutions were made with successive 5 ml. portions of ligroin and 
acetone-ligroin mixtures in which the concentration of acetone was 
progressively raised. Only one eluate could be crystallized (Frae- 
tion 6, eluted with 5 per cent acetone in ligroin; 3.4 mg.); from 
aqueous ethanol, 1.3 mg. of platelets separated, and these melted 
at 147—148°, alone and on admixture with authentic cholesterol. 

Likewise the digitonin-non-precipitable, non-ketonic a-carbinols 
(104 mg.) were chromatographed. Dissolved in benzene-ligroin 
(0.5 ml. to 0.6 ml.) they were adsorbed on 3.5 gm. of aluminum 
oxide in a 10 X 0.8 em. column, and divided into thirty-two frae- 
tions with successive 25 ml. portions of ligroin, benzene-ligroin 
mixtures in which the concentration of benzene was gradually 
increased to 100 per cent, followed by progressively increasing 
proportions of acetone in benzene. Only Fraction 25 (14.3 mg.), 
dissolved out with 20 per cent acetone in benzene, contained 
solid material. Crystallized from aqueous acetone, it yielded 2 
mg. of glistening platelets melting at 210-236° (large hexagonal 
plates, typical of pregnanediol, sublimed on the cover-slip and 
melted at 231-236°). <A trace of oil was distilled off below 150° 
in the Kofler micro vacuum bell (0.01 mm.); the main body of 
material sublimed around 200° and melted sharply at 238-240°, 
showing no depression when mixed with authentic pregnane-3(a) ,- 
20(a)-diol (m.p. 237-239°). The following fraction, No. 26 (43.4 
mg.), also eluted with 20 per cent of acetone in benzene, failed to 
crystallize. Since it contained a relatively large part of the total 
a-carbinols, it was readsorbed on 1.4 gm. of aluminum oxide in a 
6 X 0.6 em. column, and subdivided into twenty-five fractions 
with acetone-ligroin mixtures in which the acetone content was 
more gradually raised. Only two of these subfractions showed 
promise of yielding workable material. Fraction 5 (4.6 mg.), 
eluted with acetone(10 per cent)-ligroin, was an amorphous solid, 
m.p. 152-162°, and Fraction 12, eluted with acetone(15 per cent)- 
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ligroin, consisted of 2.8 mg. of a gummy solid, m.p. 132-152°; the 
small quantity of substance in each case did not permit of purifica- 
tion and identification. Efforts to induce crystallization in all of 
the other eluates proved unavailing. 


SUMMARY 


A total of 250 mg. of purified a-estradiol was administered intra- 
muscularly to a normal male subject in order to ascertain the na- 
ture of the urinary excretory products. Recovered unchanged 
were 9.8 mg. (3.9 per cent), while oxidized to estrone (isolated as 
such) were 16.2 mg. (6.4 per cent). No estriol or 6-estradiol was 
obtained. 

Thorough exploration of the urine by systematic fractionation 
and chromatographic analysis failed to separate any other com- 
pounds which could be recognized as estrogen metabolites. Iso- 
lated were the usual steroids of normal male urine, androsterone, 
dehydroisoandrosterone, etiocholan-3(a)-ol-17-one, pregnane-3(q@),- 
20(a)-diol, and cholesterol, together with very small quantities 
of three unidentified substances. 

The fate of the remaining 90 per cent of the hormone, which is 
inactivated in the body, is discussed. 

For support of the investigation the authors are grateful to 
the Associate Committee on Medical Research of the National 
Research Council, Ottawa, and Charles E. Frosst and Company, 
Montreal. One of us (M. M. H.) is indebted to the Banting Re- 
search Foundation for a personal grant. 
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A METHOD FOR THE DETERMINATION OF PHYTATE 
PHOSPHORUS IN BLOOD 


By ERNST LEVA anv 8. RAPOPORT 


(From the Children’s Hospital Research Foundation and the Department of 
Pediatrics, College of Medicine, University of Cincinnati, Cincinnali) 


(Received for publication, August 4, 1941) 


The recent finding of phytic acid in the erythrocytes of birds and 
turtles (1) makes desirable a method suitable for the determina- 
tion of this substance in small amounts of blood. Such measure- 
ments must be made in the presence of other organic phosphorus 
compounds and of variable amounts of inorganic phosphorus pres- 
ent in or likely to be formed in erythrocytes. In searching for 
such a method we tested a number of procedures based on the 
precipitation of phytic acid with iron (2-5). None of these pro- 
cedures was found to be satisfactory, the iron precipitates being 
contaminated with inorganic and organic phosphates. Various 
attempts to improve the separation failed. The method of Michel- 
Durand (6) originally designed for the analysis of relatively large 
amounts of phytic acid in plant materials proved more satisfactory, 
and after certain modifications was successfully adapted to the 
analysis of small samples of blood. In the procedure here de- 
scribed phytate is precipitated from trichloroacetic acid filtrates 
as a magnesium salt with the inorganic P and some nucleotide P. 
After hydrolysis to decompose adenosine triphosphate, the phytate 
is reprecipitated with calcium acetate at pH 5 and the phosphorus 
in the precipitate is determined. The method is suitable for the 
determination of amounts exceeding 0.1 mg. of phytate P. 

Data on the phytate phosphorus content of the blood cells of 
several species of birds and turtles (as well as on the absence of 
phytate in the bloods of other species) determined by this method 
have been reported previously (7). 

Reagents 

1. 20 per cent trichloroacetic acid. Dissolve 200 gm. of tri- 
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chloroacetic acid, c.p., in water, dilute to 1 liter with water, and 
filter. Keep in a refrigerator. 

2. Magnesia mixture. Dissolve 120 gm. of magnesium nitrate, 
c.P. Mg(NOs3)2-6H,O, and 100 gm. of ammonium chloride, c.p., 
in water and make to | liter. 

3. Approximately 8 N ammonium hydroxide solution. Dilute 
concentrated NH,OH, sp. gr. 0.90, with an equal volume of water. 

+. Calcium acetate, 25 per cent solution. Dissolve 250 gm. of 
Ca(CH;COO),-H,O in water, make to | liter, and filter. 

5. 0.5 N hydrochloric acid. Dilute 41.7 ec. of concentrated 
HCl, sp. gr. 1.19, with water and make to 1 liter. 


Procedure 


Deproteinization of Blood—-Mix 2 volumes of 20 per cent tri- 
chloroacetic acid and 1 volume of blood with shaking; dilute with 
2 volumes of water and mix. Filter and measure an amount of 
filtrate corresponding to 1.5 to 2.0 ec. of blood into a conical, 
15 ec., graduated centrifuge tube. If the volume of cells is low, 
the concentration of phytate in the filtrate may be increased by 
using cells instead of whole blood. In this case measure accu- 
rately an adequate amount of blood into a graduated centrifuge 
tube; centrifuge and remove most of the plasma without disturbing 
the cells; and then precipitate with trichloroacetic acid as de- 
scribed above. 

Precipitation of Phytate—Add to an aliquot of the trichloro- 
acetic acid filtrate a suitable indicator (such as brom-cresol purple) 
and 1 ec. of the magnesia mixture reagent. Stir and neutralize 
by adding 8 N NH,OH drop by drop. After the change of color, 
add 1 ce. of the ammonium hydroxide solution and mix. Phytie 
acid if present separates completely as a characteristic floeculent 
precipitate. The appearance of the magnesium phytate is readily 
distinguishable from crystalline magnesium ammonium phosphate, 
and may serve as a qualitative test for this compound if not too 
large amounts of inorganic P are present. Place the tube in the 
refrigerator overnight; then centrifuge and remove the supernatant 
fluid by suction through a capillary tube. Dissolve the precipi- 
tate in 5 ec. of 0.5 N HCl and heat the solution in boiling water 
for 10 minutes. Add 5 ce. of 25 per cent calcium acetate solution 
to the tube, mix, and place the tube in water at about 80° for a 

















EK. Leva and 8. Rapoport 345 


few minutes to coagulate the precipitate. Centrifuge, discard the 
supernatant fluid, dissolve the precipitate in 2 cc. of N HCl, and 
make to a convenient volume with water. 

Digestion of Caleitum Phytate—Ash and determine the P in 
aliquots of this solution according to the method of Fiske and 
Subbarow (8). The phytate is very resistant to ashing and care 
should be taken to make sure the ashing is complete. During the 
ashing a precipitate of CaSO, may appear but this redissolves as the 
H,SO, becomes more concentrated. As an alternative procedure, 
especially for small amounts of phytate, the following method of 
digestion also may be used. ‘To the precipitate of calcium phytate 
in the graduated 15 cc. centrifuge tube add 1 cc. of 5 N H»SO, and 
2 drops of concentrated HNO; then place the tube in a sand bath 
and heat overnight at about 130°. 

Influence of Other Acid-Soluble Phosphorus Compounds—In the 
absence of phytate, inorganic P even in high concentrations 
(100 mg. per 100 cc.) was not precipitated by calcium acetate. 
When both inorganic P and phytate were present, in the propor- 
tions found in the bloods of birds and turtles, no interference with 
the determination of phytate P was noted. In a series of experi- 
ments (9) in which enzymatic hydrolysis of phytic acid was meas- 
ured, the experimental conditions were such that the concentra- 
tion of phytate P was decreasing and that of the inorganic P 
increasing correspondingly during the period of the experiment. 
Measurements of inorganic P and of phytate P at various intervals 
gave concordant results, showing that no appreciable coprecipita- 
tion of inorganic P took place under the experimental conditions 
described. However, larger concentrations of inorganic P did 
interfere with the determination of phytate P to a varying extent. 
The largest errors were found when phosphate was added to goose 
blood in an amount sufficient to raise the concentration of inor- 
ganic P in the blood by 20 mg. per 100 ec. Under such conditions 
errors of 100 per cent were found. Experiments designed to deter- 
mine the extent of the coprecipitation were carried out with 
samples of a solution of sodium phytate to which varying amounts 
of KH,PO, had been added. After the phytate was precipitated 
with calcium acetate, both inorganic and total P in the precipi- 
tate was determined. The data in Table I indicate that under 
the conditions specified the coprecipitation of inorganic P with 
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TaBLe I 
Recovery of Phytate P from Solutions of Sodium Phytate Containing 
Various Concentrations of Inorganic P As KH,PO, 
The phytate was precipitated with calcium acetate solution. The 
error of coprecipitation was corrected by determination of inorganic P in 
the solution of calcium phytate 


Sample Found 
Recovery of 
Inorganic P Phytate P rotal P Inorganic P phytate P 
corrected 
mg mq. mg mg. per cent 
0.25 0.256 0.262 
0.50 0.511 0.526 0.028 97.4 
0.60 0.409 0.427 0.029 97.2 
0.70 0.511 0.544 0.043 97.9 
TABLE II 


Effect of Adenosine Triphosphate, Diphosphoglycerate, and Trichloroacetic 
Acid Filtrate of Rabbit Blood on Determination of Phytate P 


Sample 
oe Phytate P found 
PhytateP | triphosphate P | glycerate P 
mg. mg. mg mg. per cent 
0.194 0.65 0.252 130.2 
0.194 0.60 0. 280 144.7 
0.194 0.65 0.60 0.290 149.9 
0.194 0.65 0.200 103.3 
0.194 0.60 0.196 101.3 
0.194 0.65 0.60 0.196 101.3 
0.387 0.65 0.60 0.408 105.4 
0.387 0.65 0.390 100.8 
0.251 Trichloroacetic acid filtrate 0.231 92.1 
0.418 corresponding to 2 ee. 0.389 93.0 
0.254 rabbit blood’ 0.249 98.0 
0.424 0.401 94.8 
0.593 0.586 98.8 


The first three samples were analyzed by precipitation with magnesia 
mixture; the others by the method described in the text 

* Containing 0.64 mg. of acid-soluble P, of which 0.08 mg. was inorganic 
P, 0.30 mg. diphosphoglycerate P, and 0.12 mg. adenosine triphosphate P. 
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phytate might lead to errors of 2 to 6 per cent if not corrected. 
In another experiment an error of 20 per cent was encountered in 
the analysis of a sample containing 0.25 mg. of phytate P and 
0.35 mg. of inorganic P in a volume of 10 ec. The figures in the 
last column of Table I indicate, however, that the determination 
of inorganic P in the solution of the calcium phytate precipitate 
may afford an adequate correction for the coprecipitation of in- 
organic P. 
Tasce III 


Recovery of P from Solutions of Sodium Phytate* after Precipitation with 
Magnesia Mixture 


Sample Found 

mg. | mg. per cent 
0.387 0.407 105.2 
0). 209 0.200 95.8 
0.139 0.139 99.5 
0.093 0.092 99.5 
0.046 0.046 98.5 
0.023 0.023 99.2 
0.012 0.012 99.6 
0.005 0.005 102.6 


*Sodium phytate was prepared from commercial phytine (Ciba Phar- 
maceutical Products, New Jersey) essentially according to the procedure 
described by Posternak (10) for the extracts of grains. Weighed amounts 
of this salt, dissolved in water and neutralized with HCl to pH 7, were made 


to suitable volumes. 


The influence of large amounts of adenosine triphosphate and 
diphosphoglycerate is shown in Table II. The data indicate that 
some coprecipitation of these substances with caletum phytate 
occurred. It should be noted, however, that considerably larger 
amounts of adenosine triphosphate and of diphosphoglycerate 
were present in the solutions analyzed than are apt to be encoun- 
tered in bloods. Pure solutions of either substance did not give 
a precipitate with 25 per cent calcium acetate solution at pH 5. 
In the presence of amounts of trichloroacetic acid filtrate of rabbit 
blood corresponding to 2 cc. of blood no evidence of coprecipita- 
tion was found, and the yields were similar to those obtained 
from solutions of pure sodium phytate (see Table IT). 
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Accuracy and Sensitivity of Method—Duplicate determinations 
of phytate P in blood samples show good agreement. About 95 
per cent recovery was obtained in the determination of 0.20 mg. 
quantities of phytate P when precipitated as the calcium salt in a 
volume of 10 ce. The yield dropped-to about 88 per cent when 
0.10 mg. quantities were determined. The smallest amount that 
could be detected as the calcium salt was about 0.02 mg. The 
precipitation as magnesium salt is considerably more sensitive 
than the precipitation as calcium salt. The data in Table III 
show that quantities of 5 y are precipitated quantitatively. 


SUMMARY 


The method of Michel-Durand in which phytic acid is precipi- 
tated as the calcium salt has been adapted to the determination 
of phytate phosphorus in trichloroacetic acid filtrates of blood. 
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THE ADRENAL LIPIDS OF FASTED GUINEA PIGS* 


By MARGARET C. OLESONT ano W. R. BLOOR 


(From the Department of Biochemistry and Pharmacology, School of Medicine 
and Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, June 9, 1941) 


The importance of the adrenal lipids was recognized as a result 
of histochemical studies before adequate methods for their chemical 
determination were developed. Since 1928, however, micro- 
chemical methods have been available which make it possible to 
determine the lipid content of a single adrenal of the larger labora- 
tory animals such as the guinea pig and rabbit. 

The French workers, using Grigaut’s colorimetric method for 
the determination of cholesterol, have reported the cholesterol 
content of guinea pig adrenals after the animals received various 
treatments. Parhon and coworkers (1-3) have shown that the 
cholesterol content of the adrenals varies inversely with the water 
content; thyroidectomy and splenectomy cause no change in the 
cholesterol values; and thyroxine injections also have no effect on 
the cholesterol content. Manceau (4) reported a loss in both 
cholesterol and lecithin in the adrenals after anesthetization of the 
animals with nitrous oxide or chloroform. Mouriquand and 
Leulier (5) found a decrease in cholesterol in the adrenals of scor- 
butic guinea pigs. 

Baumann and Holly (6) found that infectious diseases caused a 
decrease in cholesterol content of the guinea pig adrenal, no sig- 
nificant changes occurring in the phospholipid and neutral fat 
fractions. 


* The adrenals were supplied by Dr. Raymond Whitehead of the Victoria 
University of Manchester, England, during his tenure as a Fellow of the 
Rockefeller Foundation in this department. He hopes to publish the 
histochemical results obtained on the left adrenals, in due course. 

t Present address, Department of Physiological Chemistry, the Ohio 
State University, Columbus, Ohio. 
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Materna and Januschke (7) determined the total lipid in the 
guinea pig adrenal by Soxhlet extraction. They found an average 
of 14 per cent lipid, fresh weight, in the normal males, and 16 per 
cent in the normal females. In those animals dying of hunger, 
the average lipid content showed no-change. When the animals 
were treated with chloroform, the total lipid decreased to an aver- 
age value of 5.5 per cent. 

In none of this work had the determination of the separate com- 
ponents of the lipids of single adrenal glands been reported. One 
or more component might change without changes occurring in 
the others, or in the total lipid. This possibility was confirmed in 
a recent paper by Knouff, Brown, and Schneider (8) on the effect 
of fatigue on the lipid content of guinea pig adrenals. They re- 
ported a decrease in ester cholesterol, but no change in the fatty 
acid, free cholesterol, and phospholipid fractions. 

In most of the stresses applied to experimental animals, fasting 
is one of the important factors involved. Consequently, in our 
preliminary investigation of adrenal lipids, a thorough study of the 
effects of fasting on the adrenal lipids of the guinea pig was made. 


EXPERIMENTAL 


100 male guinea pigs weighing from 350 to 450 gm. were used. 
The animals were divided randomly into five groups of twenty 
each. One was used as the control group, and these animals were 
fed a standard diet on which they consistently gained weight. 
The second group was completely deprived of food for 3 days; the 
third group was fasted 7 days; and the fourth group was fasted 
until the animals appeared to be on the verge of death, the period 
varying from 10 to 14 days. The fifth group was fasted 3 days 
and then given the standard diet for 7 davs. All the animals 
were weighed daily for a rough check on their nutritional state. 
The fasted animals were allowed plenty of tap water. At the end 
of the experimental period, the animals were killed by a sharp blow 
on the back of the neck. The adrenals were removed immediately, 
and the right adrenal used for chemical analysis. 

The adrenal was cleaned of all extraneous tissue and then weighed 
to the nearest mg. The whole gland was ground with sand and 
extracted with 3:1 aleohol-ether according to the method of Bloor 
(9). The determinations were made on the whole extract, no 
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duplicate analyses being possible owing to the small size of the 
gland. The phospholipid (lecithin) was determined by the method 
of Bloor (9), and the free cholesterol by the method of Kelsey (10). 
After saponification of the remaining lipids, the ester cholesterol 
was determined by the Kelsey method (10). The fatty acids from 
the cholesterol ester and triglycerides were determined by the oxi- 
dative method of Bloor (9). 


TABLe | 
Mean Weights of Adrenals and Lipid Fractions for Each Experimental Group; 
Mean Standard Errors, Experiment Standard Errors, and 
Significance of Treatment 





Adrenal > Free | Ester : 

Treatment -_ * I meet nie a 9 | — 

mg. mg. mq. mg. | mg. 
Control 91.0 3.69 0.326 1.352 8.35 
+6.39 +0.299 +0.015 | +0.044 | +0.521 
Fasted 3 days 83.5 3.09 0.398 1.042 7.33 
+3.58 +0.156 +0.0138 +0.020 +0.353 
89.8 3.30 0.378 1.069 7.84 
+4.81 +0.258 +0.022  +0.028 | 40.447 
terminal 101.0 4.26 0.272 | 0.774 6.96 
+4.23  +0.153  +0.017 | +0.042 | +0.644 
3 days, refed7 days 87.8 | 3.55 0.304 1.151 | 7.49 


+3.53 +0.162 +0.009 +0.027 | 40.380 

Experiment standard error*| 4.63 0.215 0.016 | 0.033 | 0.481 
Significance of treatment 

(F)t 1.96 4.32 | 10.60 | 39.62 | 1.20 

* The significance of the difference between any two treatment means 
may be judged from the experiment standard error by its ratio to 4/2 
times the experiment standard error. 

+ Significance values for F are as follows: 5 per cent level, 2.46; 1 per 
cent level, 3.51. 


Data 


Table I contains the mean weights of the right adrenal glands 
and the mean weight of each lipid component of these glands for 
each group of twenty animals. The standard error of each mean 
is also given. The statistical analysis! of the data as a whole is 

' The statistical analysis of the data was carried out by Dr. C. P. Winsor, 
Research Assistant Professor, Statistical Laboratory, lowa State College, 
Ames, lowa. 
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represented by the standard error of the experiment and the sig 
nificance of the treatment, F. The F test of significance was taken 
from Snedecor (11). 

TaBLe II 


Intercorrelations of Adrenal Measurements and Partial Correlations (in 
Parentheses) Holding Adrenal Weight Constant 


a eed Fatty acid 

Adrenal weight +-(). 849 +0.507 0.017 +0.489 

Phospholipid +0.509 -(0).029 +0.495 
(+0.174) | (—0.028) (+0.174) 

Free cholesterol +().038 +-0.472 
(+0.054) ((+0.298) 

Ester ™ -0.093 
(—0.097) 

Regression coefficient on 

adrenal weight +0. 0394 +0. 00176 0.000122 +0.05077 


TABLE III 
Vean Weights for Adrenal Lipid Fractions with Adrenal Weight Constant 


Tr , Phospho- Free Ester ; 
reatment lipid choles- choles- Fatty acid 
terol terol 

ma. mg ma. mg, 

Control 3.67 0.325 1.352 8.33 

Fasted 3 days 3.37 0.411 1.041 7.69 

7 3.33 0.379 1.069 7.88 

terminal 3.85 0.254 0.775 6.44 

“3 days, refed 7 days 3.66 0.309 1.151 7.64 

Experiment standard error 0.11 0.014 0.034 0.42 

Mean standard error* 0.16 0.020 0.048 0.59 

Significance of treatment (/)t 3.55 18.36 37.39 2.76 


* Obtained by multiplying +/2 times the experiment standard error. 
The difference between any two means must be at least 2 times this value 
to be significant. 

t Significance values for F are as follows: 5 per cent level, 2.46; | per cent 
level, 3.51. 


From Table I it can be seen that the adrenal weight and the 
fatty acid values are not affected by fasting. The phospholipid 
changes, although significant, do not show a definite trend. The 
ester cholesterol values decrease regularly with the length of the 
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fasting period, the decrease being definitely significant. The 
free cholesterol values show a significant increase after 3 days 
fasting. However, the decrease from the group fasted 7 days to 
the terminal fasted group is considerable and sufficient to offset 
the preliminary rise. The difference between the control and the 
terminal groups is significant, being 0.054 + 0.023. 

Table II contains the grouped intercorrelations of the adrenal 
measurements. The total correlations are all significant with the 
exception of those involving ester cholesterol, none of which is 
significant. The figures in parentheses indicate the partial cor- 
relations, holding adrenal weight constant, for the entire experi- 
ment as obtained by the methods of covariance. It is now evident 
that none of the partial correlations is significant, indicating that 
the fractions do not tend to vary together, but rather tend to be 
functions of the adrenal weight. 

Table III indicates the mean weights in mg. for the adrenal 
lipid fractions with the adrenal weight constant. Since the adrenal 
weight was shown to be positively correlated with the phospholipid, 
fatty acid, and free cholesterol values, the precision of the estimates 
of treatment effects can be improved by the removal of this vari- 
able. This was done by reducing all figures to a single adrenal 
weight according to a linear regression. The calculation eliminates 
the necessity of assuming a direct proportionality between the 
lipid values and the adrenal weight, which would be the case were 
the figures calculated as percentages of the adrenal weight. The 
statistical method is discussed by Fisher (12) and Snedecor (11). 


DISCUSSION 


Although the weight of the animals decreased considerably on 
fasting, the weight of the adrenals did not change. This indicates 
that the glands were protected from emaciation owing to their 
activity as vital organs. 

According to the theory of Selye (13), fasting acts as a stress 
which causes an increase in the activity of the adrenals and, 
therefore, an increase in the production of cortical hormone. 
The slight increase in phospholipid content of the adrenals of the 
fasted animals may indicate an increase in activity. Bloor (14) 
showed that increased activity in muscles resulted in an increased 
phospholipid content of these tissues. 
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The function of the cholesterol, both free and as the ester, in 
the adrenal cortex is unknown. It is therefore impossible to ex- 
plain the marked decrease in cholesterol content which occurs 
during fasting. 

The decrease in total fatty acids which occurred in the adrenals 
of the fasted guinea pigs could be accounted for only in part by 
the decrease in cholesterol ester. An actual decrease in triglycer- 
ides therefore occurred. 


SUMMARY 


The following changes were noted in the right adrenal of fasted 
male guinea pigs. 

1. There was no change in the weight of the adrenal. 

2. The phospholipid, in mg. per gland, showed a slight increase. 

3. The free and ester cholesterol decreased, the most marked 
change occurring in the ester cholesterol fraction. 

4. The total fatty acid decrease was significant only to the 5 
per cent level. 
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The increasing frequency with which riboflavin deficiency is 
being discovered in man has given an impetus to the study of this 
substance in biological fluids with a view to providing a quick and 
accurate diagnostic method. For this purpose chemical methods 
of determination are distinctly to be preferred to the more labori- 
ous and time-consuming biological and microbiological methods. 
Several procedures have been developed for the estimation of 
riboflavin in urine, either directly or after some method of con- 
centration. The flavin has been measured quantitatively by its 
color, by use of a step-photometer (1, 2), by its fluorescence in 
aqueous solutions (3-5) by converting it into lumiflavin which 
may be measured colorimetrically in chloroform solutions (6, 7), or 
by its potential as measured with the polarograph (8). The 
fluorometric method appealed to us because of its simplicity and 
sensitivity and because a convenient apparatus for measuring 
fluorescence photometrically is now available.! Although fluoro- 
metric methods have been criticized, justly so we believe, by a 
number of workers in this field, we have been able to modify the 
procedures used in such a way as to avoid recognized difficulties 
and to obtain accurate reproducible results. 

Our early experiments convinced us that two sources of error 
inherent in all methods in which fluorescence was measured in 
aqueous solutions were the turbidity of the solution and the forma- 
tion of gaseous emulsions. The addition of potassium permanga- 
nate followed by hydrogen peroxide, a procedure used to oxidize 
interfering fluorescent substances, results in the formation of 


' Pfaltz and Bauer fluorophotometer, models A or B. 
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minute bubbles of oxygen which tend to remain dispersed in the 
medium. This gives a whitish tint to the riboflavin fluorescence 
and interferes with the accuracy of the fluorescence measurements, 
We have been able to avoid this difficulty entirely by extracting 
the riboflavin and measuring its fluorescence in a non-aqueous 
medium. 

The separation of the riboflavin from the aqueous medium in 
which it is usually measured is accomplished by the addition of 
pyridine and by subsequent saturation of the mixture with an- 
hydrous Na,SO,. When appropriate quantities of this salt are 
added, the pyridine and water are no longer miscible and the 
pyridine separates out as a surface layer, carrying practically all 
of the riboflavin with it. By the addition of butyl alcohol, which 
is miscible with pyridine but not with water, the separation of the 
riboflavin from the water phase can be made complete. The 
riboflavin is readily measured in the pyridine-butyl alcohol solution 
by fluorophotometry. 

Our procedure is applicable to either the direct or indirect esti- 
mation of riboflavin in urine. The indirect method, involving 
adsorption and subsequent elution of riboflavin, is usually recom- 
mended for the purpose of concentrating the sample when the 
concentration is less than 0.1 y per ec. or when the urine is deeply 
pigmented, since a high concentration of urinary pigments inter- 
feres appreciably with the passage of light. Under both these 
conditions our modification is advantageous, since the interfering 
pigments and the substances responsible for the opacity of urine 
are highly water-soluble and are not carried over into the butyl 
alcohol-pyridine phase in significant quantities. We find no 
difficulty in measuring directly the riboflavin concentration of 
urines containing as little as 0.05 to 0.1 y per ce., although it is our 
practice to use the indirect method when the concentration is less 
than the latter figure. In our indirect method we have followed 
the procedure of Ellinger and Koschara (9) who adsorbed ribo- 
flavin from urine with lead sulfide and eluted it with pyridine and 
acetic acid. Others have used fullers’ earth with success as an 
adsorbent. Our direct and indirect methods are given in detail 
below. 

Direct Method for Determination of Riboflavin in Urine—Urine 
for riboflavin determinations should be kept in dark bottles to 
which glacial acetic acid (one-thirtieth of the urine volume) is added 
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as a preservative. Throughout the manipulations exposure to 
light should be avoided as far as possible. The quantity of urine 
taken for analysis should be 5 ce. if a deficiency is suspected; in 
normal individuals a satisfactory determination can be carried 
out on | to 2 cc. samples, diluted to 5 cc.; after the administration 
of flavin, as in the case of excretion tests, measurements can read- 
ily be made on 0.5 ce. or even smaller quantities, diluted to 5 ce. 

The 5 cc. sample of diluted or undiluted urine is put into a 30 
ee. separatory funnel.? 1 ec. of glacial acetic acid and 2 cc. of 
purified pyridine are added and the vessel is well shaken. For 
each cc. of urine used one should then add 1 to 2 drops of 4 per 
cent KMnQ,, depending on the concentration of pigment in the 
sample. ‘This is left for 1 minute to oxidize interfering substances 
and the oxidation is then terminated by the addition of sufficient 
3 per cent hydrogen peroxide to decolorize the solution, usually a 
quantity comparable to that of the added permanganate. An- 
hydrous Na»SO, is then added, approximately 1 gm. for each ce. 
of the sample —a total of 5 gm.’ 10 ec. of butyl alcohol are then 
added and the whole is shaken vigorously for 2 minutes; it is then 
transferred to a centrifuge tube and centrifuged at low speed for 
10 to 15 minutes.*. The clear butyl alcohol-pyridine layer separates 
on the surface of the watery layer. 12 cc. of this are pipetted out 


? A special type of separatory funnel, capable of being introduced into a 
50 ec. centrifuge tube holder, is best employed. Such vessels, known as 
reaction vessels, are obtainable from E. Machlett and Son, New York. 

’When anhydrous sodium sulfate is added gradually to the pyridine- 
water mixture with shaking, it is usually observed that the pyridine phase 
separates out on the surface when approximately 3 gm. of sodium sulfate 
have been added. One should be careful not to stop at this point but should 
add the additional 2 gm. of Na.SO,, even though this causes an emulsion in 
which the two layers are no longer discernible. The subsequent addition 
of buty! aleohol with shaking will bring about a complete separation of the 
two liquid phases, the pyridine-butyl alcohol phase above and the water 
and undissolved Na:SO, below. It may be pointed out that the substitu- 
tion of an aqueous medium in the measurement of fluorescence possesses 
the additional advantage that fluorescence is somewhat increased. The 
following figures for the relative intensity of fluorescence of riboflavin 
in different media are given by Cohen (3): in aqueous solution 94, in 
pyridine 112.5, in n-butyl alcohol 102. 

‘Centrifugation may be carried out in the special separatory funnel 
designed for that purpose. However, occasionally the undissolved Na,SO, 
blocks the exit of the separatory funnel, in which case the contents must be 
transferred to another vessel for centrifugation. 
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into the cuvette of the fluorophotometer. Fluorescence is measured 
in a Pfaltz and Bauer fluorophotometer (model A or B), the source 
of light being a standard mercury vapor bulb (General Electric 
type H3, 85 watts) shielded by a dark blue filter (Jena, No. BG12) 
and a yellow filter (Jena, No. GG3). The emitted fluorescence is 
measured after the interposition of an orange filter (Jena, No. 
OG1) placed directly in front of the lateral photocell.® 

Since some fluorescence occurs from Rayleigh scattering of the 
light rays by the solvent itself, even in the absence of a fluorescent 
solute, it is necessary to obtain a blank reading on a specimen in 
which the riboflavin has been destroyed. The fluorescence of this 
blank is then subtracted from that of the specimen containing 
riboflavin to give the fluorescence of the riboflavin itself. Our 
procedure for destroying the riboflavin, which may be carried out 
either on a duplicate sample or on the original sample after the 
fluorescence has been read, consists in exposing the specimen to a 
mercury vapor lamp (or to direct sunlight) for an hour or two, 
depending on the quantity of riboflavin present. With a little 
experience one can readily ascertain with the naked eye that the 
riboflavin has been destroyed, for the fluorescence then no longer 
has a yellowish hue. We have found this method of destroying 
riboflavin preferable to the use of reducing agents which convert 
it to the non-fluorescent leuco form, since the latter may be to 
some extent reoxidized by atmospheric oxygen. Another advan- 
tage of our procedure is that only riboflavin is thereby destroyed, 
whereas reducing agents decolorize other pigments as well and will 
hence alter the optical properties of the urine sample. 

The concentration of riboflavin is determined by comparing 
the fluorescence of the unknown sample with that of a riboflavin 
standard, measured at the same time with an exciting light of 
identical intensity. Before each measurement the cuvette con- 
taining the riboflavin standard is introduced into the instrument 
and the iris diaphragm is adjusted so that the fluorescence registers 
some arbitrary figure, such as 10 galvanometric units. The cu- 
vette containing the unknown sample is then substituted for the 
standard and its fluorescence is read without changing the iris 

5 This optical arrangement was developed by Dr. D. J. Hennessy of the 


Department of Chemistry, Fordham University. Filters similar to the 
above are obtainable from the Corning Glass Works, Corning, New York. 
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diaphragm. Since with a constant exciting light the fluorescence 
is directly proportional to the concentration of riboflavin, the 
riboflavin concentration of the unknown can be calculated from a 
simple proportion between the reading of the standard (minus its 
blank) and the reading of the unknown (minus its blank). In 
ease the concentration of the unknown is such that it cannot be 
measured on the galvanometer scale, it is possible that a small 
alteration in the opening of the iris diaphragm will serve to bring 
the fluorescence reading upon the scale. In such a case new read- 
ings must be made of the riboflavin standard at the new position 
of the iris and the concentration of the unknown calculated from 
them by means of simple proportion as before. Samples whose 
riboflavin concentration differs too widely from that of the stand- 
ard must be diluted or concentrated. If the concentration is so 
low that a significant reading cannot be made on the scale without 
a major alteration of the diaphragm, the concentration procedure 
described below is indicated with a new urine sample. If the sam- 
ple is too concentrated, an entirely new determination is not 
necessary; one may simply dilute the pyridine-butyl alcohol 
extract with a suitable quantity of a diluting fluid consisting of 20 
volumes of butyl alcohol, 4 volumes of pyridine, and 1 volume of 
glacial acetic acid and measure the fluorescence again. 

The standard solutions of riboflavin used for reference are 
prepared as follows: An aqueous solution of riboflavin containing 
10 mg. per liter is prepared fresh every week and is kept in the 
ice box in the dark. A “‘daily standard” is prepared from this each 
day that measurements are to be made as follows: A 1: 50 dilution 
of the “weekly standard” is made with distilled water, and 5 cc. of 
this (containing | y of riboflavin) are treated in exactly the same 
manner as has been described for the 5 cc. sample of urine or 
diluted urine. The butyl aleohol-pyridine extract of this known 
solution containing | y is used for comparison with the similar 
extract made from the unknown sample. 

The procedure described differs from that employed by some 
other workers in the fact that each determination is matched 
against a riboflavin standard. The reasons for this merit some 
comment. It is quite possible to dispense with such a standard 
and to determine the riboflavin concentration from measurements 
of the exciting light and the fluorescent light or from measurements 
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of the transmitted light and the fluorescent light. Such _pro- 
cedures have obvious advantages; they avoid the use of a perish- 
able standard and also obviate the need for dilution or concen- 
tration of samples of unexpectedly high or low concentration. 
After some study of the matter we abandoned this approach for a 
number of reasons. These arise from the fact that it is not praec- 
tically possible, even with the aid of the diaphragm, to obtain a 
constant exciting light from day to day. Quite apart from varia- 
tions in the electrical current to the exciting light, which require 
expensive apparatus to eliminate, the ultraviolet light bulbs 
undergo progressive deterioration. When one compensates for 
these variations by means of the iris diaphragm, certain imperfec- 
tions in the instrument come into play. <A strong light and small 
diaphragm may give the same recorded transmission intensity as 
a weaker light with a wider iris opening but the two may produce a 
different recorded fluorescence. It is obvious that these optical 
difficulties introduce an error into the determination, a significant 
one in our experience. Another source of error which cannot be 
ignored is fatigue of photoelectric cells. When one depends on 
two photocells, a direct and a lateral one, these may not exhibit 
fatigue to the same extent. Finally, our observations indicate 
that fluorescence is not a simple linear function of exciting light or 
transmitted light, as has been claimed (5), but is a somewhat 
complicated exponential function. In the range of concentrations 
in which we are concerned increments of exciting light cause a 
more than proportional increase in fluorescent light. This adds a 
complication to the calculations. For these reasons we have 
preferred to standardize our determinations against a riboflavin 
solution which is measured each time under identical optical 
conditions, the only calculation involving a relation which is 
admittedly a linear one: the relation between fluorescence and 
concentration with a constant exciting light. 

The riboflavin determination can be simplified by assuming a 
constant blank, as was done by Ferrebee. However, since it is 
possible that other fluorescent substances may at times appear in 
the urine which are not destroyed by the measures used to destroy 
riboflavin, we have retained the use of a blank determination 
which gives added insurance of the reliability of the measurement. 

Indirect Method for Determination of Riboflavin in Urine—This 
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is useful for urines with an extremely low riboflavin content, as 
well as for highly pigmented urines. 

Freshly precipitated lead sulfide is prepared by passing HS 
through 40 cc. of a 5 per cent solution of lead acetate in 0.25 per 
cent acetic acid. The lead sulfide is washed four times with 300 
ce. of distilled water, the precipitate being allowed to settle and 
the supernatant fluid being decanted. To the moist precipitate 
from 10 to 30 cc. of urine may be added, the mixture being gently 
agitated for 10 minutes. It is then filtered with slow suction 
through a Jena glass filter (Schott and Genossen, No. 3G4). The 
lead sulfide is washed again with three portions of 30 ec. of dis- 
tilled water, care being taken to leave enough water just to cover 
the surface of the precipitate, so that cracks do not form in it. 
20 ec. of eluting solution are then added and this is allowed to pass 
through the lead sulfide layer and filter drop by drop under slow 
suction. 

The eluting solution consists of water 70 ce., pyridine 30 ce., and 
glacial acetic acid 2 ec. To the eluate are added 3 cc. of glacial 
acetic acid, followed by 2 ce. of 4 per cent KMnQ,. After 1 
minute the oxidation is checked and the solution decolorized by 
the addition of 2 ce. of 3 per cent H2O.. The eluate is then made 
up to 30 cc. in volume with water. An aliquot of this (10 ec.) 
is then taken and treated with solid anhydrous NagSO, and with 
butyl aleohol (10 ec.), the remainder of the procedure being iden- 
tical with the direct method. 

Measurement of Riboflavin in Other Biological Fluids—The meth- 
ods described above are readily adapted to the determination of 
riboflavin in blood serum and in milk. The proteins of blood 
serum are precipitated by the addition of 10 ec. of 15 per cent 
trichloroacetic acid to 3 ce. of serum. 5 ec. of the trichloroacetic 
acid filtrate are then analyzed for riboflavin by the direct pro- 
cedure described for urine. 

The quantity of riboflavin in the blood serum of normal indi- 
viduals is minute, so minute that only traces can be demonstrated 
and often none at all. The method is, however, useful in follow- 


*In calculation of the concentration of riboflavin it should be noted 
that in the case of the indirect method the butyl aleohol-pyridine sample 
in which the fluorescence is measured represents only one-third of the 
riboflavin present in the urine sample. 
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ing the disappearance curve of riboflavin after an intravenous 
injection. Our observations with this procedure will be described 
elsewhere. 


TABLE | 
Recovery of Riboflavin from Known Solutions, Treated by Indirect Method 
of Adsorption on Lead Sulfide, As Read in Pyridine-Water Eluate 
and in Butyl Alcohol 


Riboflavin added Reeovery in pyridine-water Recovery after butyl alcohol 


eluate extraction 

Y 7 Y 

2 1.5 2.0 

2 1.54 1.95 
4 3.3 3.96 
4 3.5 3.97 
6 5.4 5.89 
6 5.46 5.93 
S 7.4 7.88 
8 7.6 7.98 

TABLE II 


Recovery of Riboflavin Added to Urine by Direct and Indirect Method 


Riboflavin recovered 


Subject Quantity of Riboflavin 
—e urine used added - 
Direct method Indirect method 
ec. 7 7 7 
A 5 0 2.7 
‘é 5 } 6.5 
“ 5 6 8.7 
a 5 8 10.8 
B 2 0 1.1 
2 ? 3.1 
2 4 5.0 
2 6 7.15 


Our procedure may also be used for the determination of ribo- 
flavin in milk. ‘The fat is first separated by high speed centrifuga- 
tion and the protein precipitated with trichloroacetic acid (2 ce. 
of skim milk + 8 ce. of 10 per cent trichloroacetic acid). 5 ee. 
of the filtrate are assayed for riboflavin by the direct method. 

Tests of the Method—The reliability of our butyl alcohol extrac- 
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tion procedure was tested on known riboflavin solutions of differ- 
ent concentrations. Comparisons were made with the usual 








TABLE III 
Comparison of Direct and Indirect Methods for Estimation of Riboflavin 
in Urine 
Riboflavin concentration 
Subject Volume of urine used =. Stas eee 
Direct mashed Indirect method 
ce. Z ee per ce. ¥ per ce. 
W. I 1 0.45 0.50 
K. Z l 0.95 1.0 
C. T l 3.9 4.0 
N. D. 2 4.8 5.0 
A. J. 2 1.80 1.70 
E. B. 2 2.30 | 2.35 
H. G. 5 0.36 0.35 
L. K. 5 0.60 0.62 
V.N. 5 0.20 0.21 
A 5 2.0* 2.0 
2.0* 2.0 
10 4.05* 4.0 
3.94* 4.05 
* Duplicates. 
TABLE IV 


Comparison of Indirect Fluorometric Method of Riboflavin Estimation with 
Bacteriological Method of Snell and Strong (10) 





Values by bacteriological 





Case No. | Values by indirect method | = method of Snell and Strong 
y per ce ai iar ¥ per ce. 
15.0 15.25 
2 3.60 4.41 
3 4.20 4.61 
4 0.105 0.10 
5 1.86 2.65 
6 | 5.70 | 5.17 
7 \ 3.0 2.73 
s 4.15 4.19 
9 | 0.04 | 0.042 


10 0.35 0. o4 


procedure (measurement in pyridine-water) and with subsequent 
butyl alcohol extraction. The results are shown in Table I. It is 
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apparent that accurate recovery is not obtained if the riboflavin 
is measured in pyridine-water eluates. 

Our direct and indirect procedures were checked by the addition 
of riboflavin to urine samples. It may be seen from Table I] 
that added riboflavin may be quantitatively recovered by either 
method. 

Comparative measurements on different urines analyzed by the 
direct and indirect methods are given in Table III. It may be 
noted that the direct method is quite as accurate as the indirect 
method even when the quantity of urine is as large as 10 ce. 

In Table IV are shown comparative analyses’ of the riboflavin 
concentration of different specimens of urine made by our indirect 
method and the bacterial growth method of Snell and Strong (10). 

Our clinical observations on normal individuals and subjects 
with riboflavin deficiency will be reported in another pub- 
lication (11). 

SUMMARY 


An analytical procedure is described for the estimation of ribo- 
flavin in biological fluids based on its fluorescence in a non-aqueous 
medium, butyl aleohol. The advantages of this procedure are 
discussed. 
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Earlier reports have shown that glycine is required in the diet 
for optimum growth of the chick (1, 3,8). An important fune- 
tion of glycine appeared to be that of a precursor of creatine which 
was found to be more active than glycine (or acetates) in promot- 
ing growth of the chick (1). These results have been confirmed 
and extented to include the réle of arginine in creatine forma- 
tion (7). 

Studies on creatine synthesis in the chick were continued with 
the view of examining also the influence of glycocyamine and 
creatinine on the rate of growth of the chick and on the creatine 
and creatinine content of muscle, liver, and kidney tissue. The 
results are the subject of the present report. 


Methods and Results 


The care and housing of chicks and the method of conducting 
tests have been described (3, 2, 14). The glycine-deficient diet 
used for the present work contained per 100 gm., casein 20, dried 
brewers’ yeast 10, water-washed and deboned fish meal 10, cod 
liver oil 1, wheat germ oil 3, Wesson (refined cottonseed) oil 1, gum 
arabic 7.5, choline chloride 0.2, tricalcium phosphate 2.5, calcium 
carbonate 1, sodium chloride 1, potassium chloride 0.3, manganese 
sulfate tetrahydrate 0.1, magnesium sulfate 0.1, sodium silicate 
0.1, hexane extract of alfalfa equivalent to 2, and a mixture of equal 
parts of starch and sucrose to complete the balance. Chicks were 
reared on this diet from the day of hatching to approximately 10 
days of age, then carefully selected for uniform individual and 
group weight, and continued on the diet for 4 or 5 days more. 
Groups of ten chicks which showed equivalent rates of gain during 
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the latter period were then given the dietary supplements. One 
or two groups were continued on the basal diet without supple- 
ment. The gains made by chicks on the supplemented diets over 
a period of approximately 2 weeks were expressed as per cent of 
the gains made by chicks on the basal diet only. Except for 
glycocyamine, the supplements were commercial products. Gly- 
cocyamine was synthesized by the method of King (10). 


TAaBLe | 
Growth-Promoting Effects of Glycine and Other Compounds in 
Glycine-Deficient Chick Ration 


Basal gain 


Supplement to basal diet Level No. of tests wed 
per cent per cent 
None S 100 
Glycine 1.0 4 114 
Glycocyamine 1.2 2 114 
Creatine hydrate 1.5 7 134 
Creatinine 1.5 } 22 
Arginine hydrochloride 1.0 l 12s 
Glycine 1.0 
lyeine { 135 
(Arginine 1.0 
Gelatin 10.0 2 131. 
Glycine 1.0\ 9 103 
Guanidine 1.0 
Glycine 1.0} 
Me l 113 
Urea 1.0) 
Glycolic acid 1.0 
— l 104 
Urea 1.0 
Choline chloride 0.25 l 101 


Growth-Promoting Effects of Supplements—The growth-promoting 
effects of glycine and a number of compounds tested as substitutes 
for glycine are illustrated by the results given in Table I. These 
tests have been repeated several times in most cases and have given 
sufficiently consistent results so that comparisons of the growth- 
promoting effects seem justified. Glycine, glycocyamine, and 
creatinine in equivalent quantities induced a definite and approxi- 
mately equivalent increase in the rate of gain. Creatine was 
superior to these, however, since less than an equivalent quan- 
tity (which would be 2 per cent creatine hydrate) caused a greater 
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rate of gain. This same comparatively high rate of gain was pro- 
duced by a combination of glycine and arginine, and by gelatin 
which is a good source of these amino acids. Extra arginine also 
improved the rate of growth, although it had not been expected 
that the basal diet would be lacking in arginine. 

Tests were conducted in which the basal diet was fed with and 
without the choline supplement, and the basal diet plus 1.5 per 
cent creatine hydrate was also fed with and without the choline 
supplement. The gains made were entirely unaffected by the 


TaBLe II 


Effect of Glycine and Other Dietary Supplements on Creatine and Creatinine 
Contents of Chick Muscle Tissues 

Creatine* Creatinine* 
Leg Breast Leg | Breast 
muscle | muscle | muscle | muscle 


| 


| 
Supplement to basal diet Level 


per cent | ™0- Per | mg. per mg. per | mg. per 
i. 
| 


m. gm. | gm. | gm. 
None 3.26 | 3.48 | 0.13 | 0.16 
Glycine 1.0 | 3.51 | 3.97 | 0.17 | 0.21 
« 0b a etl ’ 
— . 3. 42 | | , 
Arginine monohydrochloride 1.0) so Che somal Thi ua 
Gelatin 10.0 4.33 4.53 | 0.19 | 0.29 
Creatine hydrate 1.5 4.46 | 4.84 | 0.25 | 0.27 
Creatinine 1.5 4.87 4.87 | 0.31 | 0.47 
Practical diet 100.0 4.71 0.15 


* Determined on composite samples from nine or more chicks per group. 
Not corrected for non-creatine-creatinine chromogens. 


presence or absence of the choline supplement, but creatine pro- 
duced the usual marked increase in the rate of gain. The basal 
diet evidently contains sufficient choline and the growth increases 
noted in these experiments are, therefore, not related to any 
choline-like action (9) on the part of the supplements. 

Effects of Supplements on Muscle Creatine Content—Composite 
muscle tissue samples from groups of chicks were analyzed for 
creatine and creatinine by the modified Jaffe method (13). Typi- 
eal results may be given in the form of data from one experiment 
(Table II). These data are relative rather than absolute, since we 
were not able to determine and correct for the non-creatinine 
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chromogens at the time. Subsequent analyses have shown, how- 
ever, that the unknown chromogens in muscle tissue are negligible, 
amounting to less than 5 per cent of the creatine + creatinine 
content. 

The results (Table Il) showed certain differences which were 
consistent with the view that glycine and arginine are precursors 
of creatine (5, 6). The muscle creatine content of chicks was 
slightly increased by the glycine supplement. This increase was 
greater with the more effective growth-promoting supplements; 
namely, the glycine-arginine combination, gelatin, and creatine. 
The creatine values obtained from the groups with the most effee- 
tive supplements were comparable to those of chicks fed a practical 
rearing diet and were regarded as “normal.” Similar but slight 
increases occurred in the muscle creatinine content which remained, 
however, only a small fraction of the creatine content. 

An interesting result was the normal creatine content of the 
groups fed creatinine. Creatinine, however, was consistently less 
effective than creatine from the standpoint of growth promotion. 
That poorer growth in the case of creatinine was not due to a toxic- 
ity was indicated by the results of a separate experiment in which 
creatinine levels of 0.75 to 3.0 per cent in the diet gave no evidence 
of harmful effect and the growth rate increased with the creatinine 
level. Creatinine feeding also caused an increase in muscle creati- 
nine content, but this increase was very small in comparison to the 
simultaneous increase in muscle creatine. The creatine content of 
breast muscle tended to be slightly higher than that of leg muscle, 
especially in the lower ranges. 

In addition to the data in Table II it has been found that the 
combinations of glycine with guanidine and of glycine with urea 
caused an increase in muscle creatine equivalent only to that from 
glycine alone. Glycolic acid plus urea caused no increase. 

Effects of Supplements on Creatine and Creatinine Content of Breast 
Muscle, Liver, and Kidney—In the experiments, the specific 
creatinine and creatine in breast muscle, liver, and kidney tissue 
were determined according to the bacterial enzyme method (13). 
Representative results, given in Table III, are in agreement with 
those of Table II in respect to muscle creatine. Particularly note- 
worthy is the elevation of muscle creatine by dietary glycocyamine 
to a value comparable with those obtained with creatine and 
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creatinine. Even more striking is the comparatively huge (20- 
fold) increase in liver creatine content produced by feeding gly- 
cocyamine.' 

Creatine feeding slightly raised the creatine content of liver and 
kidney tissue as well as the muscle creatine content. There was 
no distinct elevation of tissue creatinine. 


TaBLe III 
Effect of Glycocyamine, Creatine, Creatinine, and Arginine in Diet on Creatine 
and Creatinine Contents of Chick Tissues 


























Supplement to basal diet | Level Tissue Creatine* |Creatinine* 

| per cent mg. per gm.img. per gm. 
None Breast muscle 3.74 0.06 
Liver 0.09 0.01 
Kidney 0.05 0.01 
Glycocyamine 1.2 Breast muscle 5.00 0.10 
| Liver 2.04"; 0.04 
Kidney 0.31 0.01 
Creatine hydrate 1.5 | Breast muscle 4.83 0.09 
| Liver 0.42 0.01 
| | Kidney 0.50 0.02 
Creatinine | 1.2 | Breast muscle 5.19) 0.16 
Liver 0.12 0.12 
Kidney 0.17 0.21 
Arginine monohydro- ee Breast muscle 4.04 ° 0.06 
chloride Liver 0.10 0.01 
| Kidney 0.12 0.01 
Practical diet | 100.0 Breast muscle 4.40 0.07 
Liver 0.10 0.04 
| Kidney | 0.32 0.01 








* Determined on composite samples from a group of ten chicks. Cor- 
rected for non-creatine-creatinine chromogens. 


Creatinine feeding raised the muscle creatine content to the high- 
est value, as it did in most of the preceding tests, but had no par- 
ticular effect on liver or kidney creatine. There was a small but 
distinct rise in creatinine in all tissues. 

1 Under the conditions of the methods of analysis, glycocyamine yielded 
a color reaction equivalent to 17 per cent of the color reaction of creatine. 
In both cases the color reaction was destroyed by prior treatment with the 


bacterialenzyme. It is possible that some of the apparent creatine content 
of the liver was due to the presence of glycocyamine. 
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Arginine caused a slight increase in muscle creatine content, 
which would be expected if its action is that of a precursor limited 
in effect by the deficiency of another precursor; 7.e., glycine. 

DISCUSSION 

The increased rate of growth upon addition of glycine or arginine 
shows that the basal diet did not contain optimum levels of either 
of these amino acids. Either glycine or arginine alone caused a 
slight increase in muscle creatine content. When glycine and 
arginine were fed together, the growth-promoting effect and the 
elevation of muscle creatine were most marked. Gelatin, a good 
source of both of these amino acids, gave similar results. These 
findings are in harmony with the view that glycine and arginine 
are specific precursors of creatine (5, 6). It was the demonstrated 
importance of glycine in creatine formation which first led us to 
test the latter as a substitute for glycine in chick diets (1). 

Unlike the rat, the chick requires dietary arginine even for 
maintenance (12), and it has a particularly high requirement (4, 
12). It also requires dietary glycine for optimum growth (1, 3, 8). 
The questions of arginine-sparing action and of glycine-sparing 
action thus become of particular importance for the chick. The 
marked growth-promoting effect of creatine may be most simply 
explained on a glycine- and arginine-sparing basis. This explana- 
tion has been advanced also by Hegsted et al. (7). 

Evidence that dietary creatinine was converted to creatine by 
the chick is found in the resulting high value of muscle creatine as 
compared to the small value of muscle creatinine. The growth- 
promoting effect of creatinine thus becomes understandable upon 
the same glycine- and arginine-sparing basis as that of creatine. 
The intermediate magnitude of the growth-promoting effect of 
creatinine may indicate an only moderate rate of conversion of 
creatinine to creatine, although such conversion appears sufficiently 
rapid to maintain muscle creatine values at a maximum. The 
question of creatinine hydrolysis in the rat has been controversial. 
On the other hand, our results show that in the chick such conver- 
sion of creatinine to creatine may take place quite readily.” 


2 An alternative explanation for the effect of dietary creatinine is that the 
presence of such relatively large quantities of creatinine in the organism 
may greatly reduce the rate of the biological process by which creatine is 
converted into creatinine. 
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Glycocyamine, in accordance with the present theory (5, 6) was 
evidently converted to creatine. This conversion was indicated 
by muscle creatine values comparable to those obtained from 
creatine and creatinine feeding. The extremely high liver creatine 
content resulting from glycocyamine feeding is in agreement with 
the view that this organ completes the conversion of glycocyamine 
to creatine (6). It further suggests either a high degree of reten- 
tion of glvcocyamine in the liver or that considerable methylation 
of glycocyamine continues in the excised liver sample prior to re- 
frigeration and analysis. The growth-promoting effect of gly- 
cocyamine was intermediate like that of creatinine, although it 
might be expected that glycocyamine would have a sparing action 
on glycine and arginine equivalent to that of creatine. 

It is conceivable that the dietary glycocyamine may have placed 
an excessive demand upon the methylating capacity of the chick, 
thus disturbing normal metabolism and perhaps consuming methi- 
onine to the detriment of other growth processes. However, when 
extra methionine was fed with glycocyamine in a separate experi- 
ment, the growth rate was not noticeably improved. 

It has been shown that creatine does not substitute for methio- 
nine in chick diets that are deficient in methionine to the extent that 
growth is prevented (11). In the present experiment the dietary 
additions of glycine plus arginine or of gelatin (which contains no 
methionine) resulted in as good gains as with creatine, and approxi- 
mately equal muscle creatine values. The growth-promoting ef- 
fect of creatine, therefore, would not appear to involve a sparing 
action on methionine. 

That the possible participation of methionine in creatine syn- 
thesis in the chick may not be readily demonstrated by the methods 
employed in this study is shown by the results of experiments with 
a semipurified diet (to be described later) in which the only sources 
of protein were arachin and gelatin. Without an addition of 
methionine, chicks failed to grow on this diet but the muscle 
creatine content was 5.3 mg. per gm. The addition of methionine 
to the diet resulted in good growth; the muscle creatine, however, 
was 4.6 mg. per gm. A deficiency of methionine serious enough 
to prevent growth did not diminish the muscle creatine content. 

Among the unsupplemented groups, chicks have developed a 
condition of general weakness and muscular attenuation leading 
in extreme cases to prostration. On the other hand, the most ef- 








372 Creatine Formation in Chick 


fectively supplemented groups have remained vigorous and active, 
This apparent muscular dystrophy of the chick which we have pre- 
viously reported (1) and which has been confirmed (7) is accom- 
panied by a subnormal muscle creatine content evidently related 
to the deficiency of creatine precursors in the basal diet. In this 
condition liver creatine remains approximately normal but kidney 
creatine appears to be lowered as well as muscle creatine. 


The writers are grateful for opportunities to discuss this work 
with Professors C. L. A. Schmidt, R. Schoenheimer, H. Borsook, 
and H. H. Beard, and for preparations of the NC creatinine organ- 
ism kindly provided by Professors Borsook and Beard. 


SUMMARY 


1. Glycine, arginine, glycine plus arginine, gelatin, glyco- 
cyamine, creatine, and creatinine in the diet of the chick lead to 
increased muscle creatine content and rate of growth. 

2. The results are in harmony with the view that glycine and 
arginine are specific biological precursors of creatine. 

3. In a deficiency of these precursors, the muscle creatine con- 
tent of the chick becomes abnormally low and a condition of mus- 
cular attenuation and profound weakness develops. 

4. Severe methionine deficiency does not reduce the muscle 
creatine content below normal. 
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In an earlier paper Womack, Kemmerer, and Rose (1937) pre- 
sented convincing evidence for the dietary indispensability of 
methionine. Cystine, on the other hand, was shown to be a 
dispensable component of the food. 

These observations appeared to be in conflict with the well 
known fact that the addition of cystine to certain low protein 
diets is followed by an increase in the rate at which the animals 
gain. In order to account for this apparent discrepancy the sug- 
gestion was made that cystine may be able “to function in place 
of part of the methionine, but not as a substitute for all.” In 
other words, it was assumed (1) that both methionine and cystine 
are necessary tissue components, (2) that the methionine is derived 
only from the food, and (3) that the cystine may either be of 
exogenous origin or may be synthesized from methionine in vivo 
According to this concept, the addition of cystine to a diet con- 
taining an insufficient amount of methionine alone, or insufficient 
amounts of both cystine and methionine, would be expected to 
improve the quality of the food by sparing the conversion of 
methionine into cystine. The experiments outlined below were 
designed to test this hypothesis. 


EXPERIMENTAL 
Two amino acid mixtures were employed; namely, Mixture 
XV-a and Mixture XX-a. The former, which was used in the 
first of the present series of experiments, has already been de- 


* Aided by grants from the Rockefeller Foundation and the Graduate 
School Research Fund of the University of Illinois. 
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TABLE I 


Composition of Diets, Per Cent 


Diet 1 Diet 2 | Diet3  Diet4 | Diet5 | Dieté 


Amino acid Mixture XV-a*..| 27.5 26.6 26.7 
_ - - XX-at 19.7 19.7 | 19.7 

Threonine (d(— )-) 0.7 0.7 0.7 
(dl-) 1.4 1.4] 1.4 
Dextrin 19.5 19.3 19.8 | 26.3 26.1 | 25.9 
Sucrose 15.0 15.0 15.0 15.0 15.0) 15.0 
Salt mixturet 1.0 1.0 1.0 1.0 1.0 | 4.0 
Agar 2.0 2.0 2.0 2.0 2.0; 2.0 
Cod liver oil 5.0 5.0 5.0 5.0 5.0 5.0 
Lard %.0 > 26.0, 26.0 |} 26.0, 26.0 | 26.0 
Cystine (/(—)-) 0.5 0.4 0.4) 0.4 
3 0.2 0.4 0.6 


Methionine (dl- 0.3 1.4 0.: 


100.0 | 100.0) 100.0) 100.0) 100.0 |100.0 


* Womack, Kemmerer, and Rose (1937). 

t Rose and Rice (1939). 

t Osborne and Mendel (1919 

TaB_e II 

Total Changes in W eight and Total Food Intakes of Experimental Animals 

The vitamin B factors were furnished in the form of two pills daily, 
each containing 75 mg. of a commercial cereal concentrate (vitamin B com- 
plex liquid type 2, Vitab Products, Inc., New York). 


Total a) Diet 


Rat No. Days | gain in| foo Supplement 


and sex weight | intake No. 
gm. gm. 

2650 9 12 3 18 l 0.3% di-methionine 

32 19 195* 2 1.4% 
2651 2 1 14 1 0.3% 

32 43 145 2 1.4% 
2652 ¢ 12 H 58 l 0.3% 

32 || «= 142 3 | 0.3% + 0.5% l-cystine 
2653 7 12 ! 74* l 0.3% 

32 | 25 | 176* | 3 | 0.38% a + 0.5% l-cystine 
2654 12 3 48 I 0.3% 

32 | «S21 140 3 | 0.3% - + 0.5% l-cystine 
2655 12 l 48 l 0.3% 

32} 19 | 140 3 | 0.3% + + 0.5% l-eystine 
2656 ¢ 44 10 191 l 0.3% 
2657 ov 14 9 162 l 0.3% 


* Some food scattered. 
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scribed by Womack, Kemmerer, and Rose (1937). It was devoid 
of cystine, methionine, and threonine. These amino acids were 
added separately to the diets in the desired amounts, as shown in 
Table I. The food was furnished ad libitum. 

The results of the first tests are shown in Chart I and Table II. 
For 12 days each of the animals received a diet (Diet 1) containing 
0.3 per cent of dl-methionine and no cystine. This permitted 
small increases in weight (1 to 6 gm.). At the end of this period, 
two of the subjects (Rats 2656 and 2657) were continued upon this 
ration, two (Rats 2650 and 2651) were transferred to a régime 
containing 1.4 per cent of dl-methionine without cystine (Diet 2), 
and four (Rats 2652 to 2655) were given a diet carrying 0.3 per 
cent of dl-methionine and 0.5 per cent of l-cystine (Diet 3). As 
may be seen from Chart I and Table II, the rats on the food con- 
taining 0.3 per cent of dl-methionine continued to grow very slowly 
(9 and 10 gm. in 44 days). On the other hand, the addition of 
0.5 per cent of l-cystine induced gains of 19 to 25 gm. in 32 days. 
The higher level of methionine caused even better gains (43 and 
49 gm. in 32 days). The former investigation of Womack, 
Kemmerer, and Rose (1937) demonstrated that “cystine is in- 
capable of promoting growth when methionine is absent from the 
food,” and that ‘Its presence does not improve the quality of a 
ration carrying an adequate amount of methionine.”” These facts, 
taken in conjunction with the present observations, render it 
apparent that cystine stimulates growth only when methionine is 
furnished in suboptimal amounts. 

That the increases in weight are more closely related to the 
methionine than to the cystine content of the food is shown by the 
results of the second series of experiments. Here amino acid 
Mixture X X-a was used. This was identical in composition with 
that described by Rose and Rice (1939) except that the threonine 
was added directly to the diets instead of being incorporated in 
the amino acid mixture. The cystine content of each ration 
(Diets 4 to 6, Table I) was maintained at 0.4 per cent, which is 
undoubtedly a liberal quantity of this amino acid, and the meth- 
ionine was introduced at levels of 0.2, 0.4, and 0.6 per cent respec- 
tively. The diets were furnished ad libitum. 

A litter of nine animals was divided equally among the three 
diets, and maintained thereon for a period of 28 days. The results 
are summarized in Table III. As will be seen, each increase in 














CHART I 


RELATION OF CYSTINE AND |_— (103) 
METHIONINE TO GROWTH 










































































Cuarr I. The numbers in parentheses denote the initial and final 
weights of the rats. At the beginning of the tests the animals were placed 
upon a diet containing 0.3 per cent of dl-methionine and no cystine (Diet 1). 


The arrows indicate the points at which dietary changes were made as fol- 
9 


lows: Rats 2650 and 2651, 1.4 per cent of dl-methionine (Diet 2); Rats 265 
to 2655 inclusive, 0.3 per cent of dl-methionine plus 0.5 per cent of l-eystine 
(Diet 3). Rats 2656 and 2657 were maintained on Diet | throughout. 
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methionine led to an augmentation in the growth rate. Other 
experiments not included here indicate that growth acceleration 
occurs With each increment in methionine until the amount of this 
amino acid reaches 0.5 per cent of the ration. Further additions 
are without effect. When the diet is devoid of cystine, the mini- 
mal amount of methionine necessary to induce optimum growth is 
0.6 per cent (Rose and Womack, unpublished data). Evidently, 


Tape III 
Total Changes in Weight and Total Food Intakes of Experimental Animals 
The experiments covered 28 days. The vitamin B factors were furnished 
in the form of two pills daily, each containing 50 mg. of tikitiki and 75 mg. 
of milk concentrate. 


di-Methionine 


Rat No, and sex | Tomtenein | TeMake Dit No | 4+ 888 Lapetinn 

gm. gm. per cent 

3643 ov x 111 4 0.2 
3644 ov 19 99 4 0.2 
3645 16 90 4 0.2 
3646 oo 35 117 5 0.4 
3647 43 149 5 0.4 
3648 ¢ 35 117 5 0.4 
3649 49 121 6 0.6 
3650 9° 51 149 6 0.6 
6 


3651 ¢ 51 132 6 0. 


therefore, only a small portion (approximately one-sixth) of the 
methionine requirement can be satisfied by cystine. 


SUMMARY 


The results of experiments involving the use of otherwise ade- 
quate diets containing varying proportions of cystine and meth- 
ionine demonstrate that cystine is capable of stimulating growth 
only when methionine is present in suboptimal amounts. 
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The fact that animals grow at maximum rates upon diets devoid 
of cystine (Womack, Kemmerer, and Rose, 1937) appears to war- 
rant the inference that this amino acid can be synthesized by the 
tissues. Furthermore, a large body of evidence is available favor- 
ing the presumption that the precursor of cystine is methionine. 
Thus, Brand, Cahill, and Harris (1935) and Lewis, Brown, and 
White (1936) report that the administration of methionine to 
eystinuric patients is followed by the excretion of extra cystine in 
the urine. Cystine, administered under like circumstances, is 
almost completely oxidized, and hence does not contribute to the 
cystine output. Moreover, methionine is said to be an effective 
agent in promoting the detoxication of bromobenzene (White and 
Jackson, 1935; Stekol, 1937, a), naphthalene (Stekol, 1937, b), 
iodoacetic acid (Simon and White, 1938), and methylcholanthrene 
(White and White, 1939). Heard and Lewis (1938) found that 
the administration of methionine to rats upon a ration low in the 
sulfur-containing amino acids is accompanied by a slightly in- 
ereased production of hair, containing a higher percentage of 
cystine than is found in the hair of animals receiving the basal 
diet alone. More recently, Brown and Lewis (1941) have ob- 
served increases in the cystine content of blood plasma ultrafil- 
trates following the oral or subcutaneous administration -of 
methionine to normal rabbits. 


* Aided by grants from the Rockefeller Foundation and the Graduate 
School Research Fund of the University of Illinois. 

t The experimental data in this paper are taken from a thesis submitted 
by Thomas R. Wood in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy in Biochemistry in the Graduate School of the Uni- 
versity of Illinois. 
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Unfortunately, several of the above experiments involved the 
use of diets containing appreciable amounts of cystine. In so far 
as this was true, the data are open to serious criticism. It is 
hazardous to postulate the synthesis of an amino acid as the result 
of feeding trials in which the compound under investigation is not 
excluded from the food, unless it can be shown that the amount 
utilized for the purpose in question exceeds the quantity which 
could have been derived from the diet. This fact is appreciated 
by Heard and Lewis (1938), who point out that the relation of 
methionine to keratinization (cystinization) of hair can be demon- 
strated conclusively only by the use of a ration the amino acid 
content of which is known exactly. 

Because of these considerations, an investigation was under- 
taken in which the nitrogenous components of the diets were 
supplied in the form of mixtures of highly purified amino acids, 
Under these circumstances, the only nitrogen and sulfur of un- 
known nature present in the food were the small amounts furnished 
by the concentrates used as sources of the vitamin B factors. 
As will be shown later, these quantities could not have influenced 
the outcome of the investigation. 

After the present study had been completed, Dawbarn (1938) 
published the results of experiments demonstrating that in rats 
receiving a low cystine ration the deposition of the amino acid in 
the fleece alone was greater than could be accounted for by the 
cystine intake. This constitutes the first direct proof of cystine 
formation in the animal organism. Shortly thereafter, Beach and 
White (1939) reached a similar conclusion as the result of analyses 
of the entire carcasses of rats which had been permitted to grow on 
a diet low in cystine. With a single exception, each animal was 
found to have stored in the tissues an average of more than 2 mg. 
of cystine daily in excess of the amount ingested. Both Daw- 
barn and Beach and White interpret their data as indicating the 
transformation of methionine into cystine. 

More recently, Tarver and Schmidt (1939) investigated the fate 
in rats of methionine containing radioactive sulfur, and were 
able to demonstrate the presence of the isotope in the cystine 
isolated from the tissues. This provides convincing proof that 
methionine is the precursor of cystine, at least in so far as the sul- 
fur in the molecule is concerned. 
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None of the experiments described above furnishes wholly satis- 
factory information concerning the extent of cystine formation 
in vivo. Since our investigation involved the use of a diet more 
nearly devoid of cystine than any previously employed, the data 
represent a closer approach to a quantitative measure of the syn- 
thesis of this amino acid during growth than any previously re- 
corded. From this point of view particularly are the findings 
of interest. 


EXPERIMENTAL 


The procedure involved the principle made use of by Scull and 
Rose (1930) in demonstrating the in vivo synthesis of arginine. 
For this purpose, a mixture of amino acids which was devoid of 
both cystine and methionine was incorporated in two diets, one 
of which (Diet 1) was supplemented with each of the sulfur-con- 
taining amino acids, and the other (Diet 2) with methionine alone. 
Both diets were administered ad libitum. At the beginning of the 
tests, litter mates of the rats employed in the growth studies were 
killed and subjected to analysis in toto forcystine. The other mem- 
bers of each litter were killed and analyzed after they had received the 
experimental diets for periods of 36 or 48 days. Obviously, in the 
animals upon Diet 2 the increments in tissue cystine incidental 
to growth, after being corrected for the possible traces of cystine 
present in the vitamin supplements, represent the amounts of the 
amino acid which were manufactured in vivo. 

Composition of Diets—The composition of the amino acid mix- 
ture (Mixture X XI-a) is presented in Table I. Each of the com- 
ponents was shown to be analytically pure, and to be devoid of 
cystine, as measured by the Sullivan test. 

The make-up of the diets is shown in Table II. Their sulfur 
content was identical, though derived from different proportions 
of the sulfur-containing amino acids. Furthermore, each diet 
contained 16.0 per cent of amino acid Mixture XXI-a. This 
represents the sum of the quantities listed in the third column 
of Table I. Thus, except for cystine and methionine, the per cent 
of each physiologically effective amino acid in the food is repre- 
sented by the corresponding figure in the second column of Table 
I. Diet 1 contained 11.9 and Diet 2, 12.0 per cent of effective 
amino acids. 





} 
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The vitamin B factors were furnished to each animal in the form 
of two pills daily, each containing 75 mg. of milk concentrate and 
50 mg. of tikitiki extract. The daily intake of nitrogen from these 
sources amounted to slightly less than 4 mg. We have used these 


TABLE I 


Composilion of Amino Acid Mixture 


Mixture X XI-a 


Physiologi- 
cally active As used 
amino acids 


gm. gm. 
Glycine 0.1 0.1 
Alanine 0.2 0.4* 
Serine 0.1 0). 2* 
Valine 1.0 2.0* 
Leucine 1.2 2.4* 
Isoleucine 0.8 1.6* 
Cystine 
Methionine 
Proline 0.2 0.2 
Hydroxyproline 0.1 0.1 
Aspartic acid 0.2 0.2 
Glutamic * 2.0 2.0 
Phenylalanine 1.2 B 
Tyrosine 0.6 0.6 
Arginine 0.4 
monohydrochloride 0.5 
Histidine 0.5 
monohydrochloride monohydrate 0.7 
Lysine 1.2 
monohydrochloride 1.5 
Tryptophane 0.4 0.4 
Threonine 0.7 0.7 
Sodium bicarbonate 1.2 
10.9 16.0 


* Racemic acids. 


materials in several hundred tests, and have found them satis- 
factory for feeding trials of relatively short duration (50 to 60 
days). In the present investigation it was essential to know the 
extent to which they might contribute cystine to the food. Since 














W. C. Rose and T. R. Wood 385 


preliminary experiments had indicated that they could not be 
analyzed for cystine without considerable error, we resorted in- 
stead to a measure of the organically bound sulfur (total sulfur 
minus inorganic sulfur). The results showed that the daily intake 
of organic sulfur from these sources amounted to 0.2 mg. If 
this were solely in the form of cystine, which undoubtedly was not 
the case, it would be equivalent to 0.75 mg. of cystine daily from 
the vitamin pills. Therefore, this figure was used in correcting 
the increments in tissue cystine, as will be pointed out later. 


TABLE II 
Composition of Diets 
The vitamin B factors were supplied in the form of two pills daily, each 
containing 75 mg. of milk concentrate and 50 mg. of tikitiki extract. 











| Diet 1 | Diet 2 

_ : : ‘ . _ ~ | gm. - gm. * 

} 

Amino acid Mixture XX I-a 16.0 16.0 
Cystine (l(—)-) is 0.2 | 0.0 
Methionine (dl-) eae 0.8 °| 1.1 
Dextrin oi 31.0 30.9 
Sucrose ae | 15.0 | 15.0 
Salt mixture* 4.0 | 4.0 
Agar Be. 2.0 2.0 
Lard 7 Pe eA 26.0 26.0 
Cod liver oil evs 5.0 5.0 
100.0 100.0 


* Osborne and Mendel (1919). 


Four litters of young rats were employed. With Litter 1 the 
feeding trials were terminated after 36 days, and with Litters 2, 3, 
and 4 after 48 days. Two or three animals from each litter were 
sacrificed at the beginning of the feeding trials and analyzed for 
cystine. The remaining animals in each litter were divided into 
two groups, one of which received Diet 1 and the other Diet 2. 
At the end of the feeding periods each animal was weighed, chloro- 
formed, and analyzed for cystine. For this purpose, the gastro- 
intestinal tract was removed and washed out under the tap. The 
entire carcass was then weighed and ground thoroughly in a meat 
chopper. The resulting material was placed in a 1000 ce. round 
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bottom flask, covered with about 700 ec. of acetone, and mixed, 
After standing for 24 hours, the acetone-water was removed by 
filtration. This extraction was repeated four times with acetone 
and four times with ether. The solid material was then removed 
by filtration and dried in a vacuum oven at 60°. The dry tissue 
so obtained consisted of a light gray powder which amounted to 
about 20 per cent of the live weight of the animal. 

In the estimation of cystine the tissue powder was hydrolyzed 
by boiling for 20 hours on a sand bath with 8 times its weight of 
10 per cent sulfuric acid. After cooling, the hydrolysate was 
filtered, and diluted until each cc. contained approximately 1 to 
1.5 mg. of cystine. The remainder of the procedure was carried 
out essentially as described by Rossouw and Wilken-Jorden (1935), 
the color intensity being measured in a photoelectric colorimeter. 
Preliminary tests showed that no cystine-containing material was 
removed by the treatment with acetone and ether, and that addi- 
tions of cystine to a tissue preparation preceding hydrolysis were 
recovered quantitatively. 

In order to conserve space, the results of one typical experiment 
only are presented in detail. These are found in Table III. The 
cystine percentages were calculated on the basis of the tissue 
weights; 7.e., the weights of the carcasses after the alimentary 
residues had been removed. Rats 3600 and 3601 were the con- 
trols which were analyzed at the beginning of the experiment. 
The other members of the litter received Diet 1 or Diet 2 for 48 
days. The average weight of the alimentary contents of the 
controls was assumed to represent the initial weight of the ali- 
mentary residues of each of their litter mates. In like manner, the 
average percentage of cystine in the controls was used in caleu- 
lating the initial cystine content of the rats which received the 
diets. 

The percentage of cystine in the animals at the expiration of the 
growth periods was invariably larger than in the controls at the 
beginning of the experiments. ‘This was found to be true also of 
arginine (Scull and Rose, 1930), and probably is attributable to a 
larger proportion of water and skeletal struetures in younger than 
in older rats. 

The figures in the last column of Table III, representing the 
increments in cystine, demonstrate that the subjects increased 
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their content of this amino acid by values ranging from 229 to 
269 mg. No significant difference is to be observed between the 
animals which received both cystine and methionine (Diet 1) and 
those which received methionine alone (Diet 2). Nor was there a 
significant difference in the rate at which the members of the two 
groups gained in body weight. Of the animals in the four litters, 
eleven received both cystine and methionine, and showed an 
average cystine increment of 3.5 mg. per gm. of gain in body 


TABLE III 
Inerement in Tissue Cystine during Growth, Litter 2 


The feeding experiments were continued for 48 days. 























Body weight | 
. Cystine content Cystine 
Rat No. Dietary oe "i . 
cade | supplenent Initial Final | inore- 
= oe 
Live Tissue*) Live Tissue*|Initial Final |Initial | Final 
mg. mg. 
qm. gm. gm. gm. | per | per mg. mg. mq. 
| cent | cent 
3600 56 | 47.5 259 123 
| 
3601 58 | 51.2 | 231 118 
3592 & Cystine SL | 43.4 | 133) 126 | 245 | 298 | 106 | 375 | 269 
3593 methio- | 53 45.4 134 | 125 | 245 | 286 | 111 | 357 | 246 
3594 ¢ nine 55 | 47.4 | 129 119 | 245 | 290 | 116 | 345 | 229 
3595 co’ Methionine 52) 44.4 , 133) 12] | 245 | 288 109 | 348 | 239 
3597 34) 46.4 132) 124 | 245 | 204 | 114 | 365] 251 
3598 ¢ 54.| 46.4 127 117 | 245 | 307 | 114 | 359 | 245 


* Weight after removal of the alimentary contents. 
£ : 


weight. The corresponding figure for the fifteen rats which 
received methionine alone was 3.6 mg. 

In Table IV are summarized the data on cystine synthesis for 
each of the four litters. The values given in the fifth column 
represent the differences between the increments in tissue cystine 
and the maximum possible cystine intakes of the subjects on Diet 
2. As will be observed, the amount of cystine manufactured by 
the organism varied from 144 mg. in the 36 day experiment to 307 
mg. in one of the 48 day experiments. On a Caily basis the cystine 
synthesis varied from 4 to 6.4 mg. These quantities, though 
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smaller than the figure representing the average daily synthesis 
of arginine in the rat (ef. Scull and Rose (1930)), are much larger 
than any hitherto reported for cystine. Obviously, they represent 
minimal values. On the other hand, they would be increased by 
only 0.75 mg. each even if it were assumed that none of the organ- 
ically bound sulfur in the vitamin pills was present as cystine, 
One may assert, therefore, with considerable confidence that the 
cystine requirement of the young rat is not far from 4 to 6 mg. per 
day, depending upon the rate of gain, and that this quantity may 
be obtained through synthesis alone when the ration is adequate 


in other respects. 


TABLE IV 
Cystine Synthesis during Growth 

a Panera Maximum Average Rate of 

Litter No. poten ; A , it ro ct eystine cystine cystine 
a poke» intake* svnthesis synthesis 
days ma. mg mag mg. per day 

| 36 171 27 144 4.0) 

2 1S 245 36 209 1.4 

3 18 343 36 307 6.4 

! 1S 324 36 288 6.0 


* Based on the improbable assumption that all of the organic sulfur in 


the vitamin pills was present as cystine 


Inasmuch as methionine was the only organic sulfur compound 
available in sufficient proportions to account for the cystine depo- 
sition in the tissues of the animals on Diet 2, the conclusion is 
warranted that the sulfur of methionine was utilized in the forma- 
tion of cystine. It should be borne in mind, however, that neither 
our observations, nor those of others, indicate necessarily that the 
carbon chain of cystine has its origin in the carbon chain of 
methionine. This problem, as well as the mechanism involved in 
cystine synthesis, still awaits elucidation. 

SUMMARY 

By measuring the increments in tissue cystine of young rats 

receiving diets containing mixtures of highly purified amino acids 


in place of proteins it has been shown that 4 to 6 mg. of eystine 
may be synthesized daily for purposes of growth. No significant 
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differences are observable in the cystine increments in the tissues 
nor in the rates of gain in body weight of subjects receiving (1) 
methionine alone, and (2) methionine plus cystine. Thus, the 
quantities indicated above appear to represent a close approxima- 
tion to the cystine requirement of the young growing rat for new 
tissue formation. 

Since in certain of the experiments methionine was the only 
organic sulfur compound available in sufficient proportions to 
account for the cystine deposition in the tissues, one is warranted 
in concluding that the sulfur of methionine is utilized in the manu- 
facture of cystine. Neither our observations, nor the published 
findings of others, indicate necessarily that the carbon chain of 
eystine originates in the carbon chain of methionine. 
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It is now recognized that every group attached to the asym- 
metric carbon atom contributes to the total rotation of the mole- 
cule. Thus, given an acid of the general type 


COOH 
| 
H—C—X 
| 
R 


in which X is a functional group and R is an alkyl group, its rota- 
tion will vary not only with variations in X but also with varia- 
tions in R. The effects of changes in R are due not only to varia- 
tions in the numerical values of its own contributions but also to 
variations in its inducing (vicinal) effect on COOH and on X, by 
virtue of which the contributions of each of these two groups 
likewise vary. It was observed first by Tschugaeff that the rota- 
tions of members of homologous series of substances increase in 
value, reaching a certain maximum. In our laboratory observa- 
tions on several groups of homologous substances caused us to 
modify the conclusion of Tschugaeff to state that the molecular 
rotations of successive members of configurationally related 
homologous series progressively move in the same direction. For 
example, if the first member is levorotatory and the second and 
third dextrorotatory, the rotation of the first is more levo, and that 
of the third more dextro, than that of the second (1). It is de- 
sirable to extend the observations to a variety of homologous 


* Died September 6, 1940. 
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series in order to test whether this property may be accepted as a 
general property of all homologous series. 

The present communication relates to the grouping of a-bromo 
aliphatic acids and of a-amino aliphatic acids into homologous 
series and the establishment of the maximum rotations of the 
homologous series of a-hydroxy, a-bromo, and of a-amino acids, 
Three members of each series were studied; namely, a-substituted 
propionic, butyric, and caproic acids. 

Grouping in Homologous Series—The a-hydroxy acids were 
grouped into a homologous series by Levene and Haller (2), 
who found that homologous a-hydroxy acids rotate in the same 
direction. 

The l(+)-a-hydroxy aliphatic acids are configurationally re- 
lated to the La-amino acids, and thus the homologous series of 
c-amino aliphatic acids has the same sign of rotation. 

The a-bromo aliphatic acids were grouped into a homologous 
series by identical treatment of the a-amino acids with nitrosyl 
bromide. It was found that the individual members of this 
homologous series of a-bromo aliphatic acids have the same sign 
of rotation. It may also be expected that homologous series of 
a-hydroxy acids should by an identical mode of treatment of its 
individual members lead to a homologous series of a-halogeno 
acids. On the basis of this consideration, it follows from the work 
of Levene, Mori, and Mikeska (3) that the members of the ho- 
mologous series of a-halogeno acids rotate in the same direction. 
Levene and Haller (4) later confirmed this conclusion on the basis 
of a different set of experiments. 


CH, CH, CH: 

| | 

CH COOH CH COOH CH COOH 
HCOH —> CHC! HCOH CH | HCOH — CHC! 
CH CH; CoH; C.H; C,H, C\Hy 
(+) (—) (+) (—) (+) (—) 


The members of the homologous series of vinylcarbinols led to 
a series of a-chloro acids rotating in the same direction. The 
identity of the configurations of the halogeno acids can further 
be substantiated by the fact that, in all acids rotating in the same 
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direction, induction of the ionized state causes the rotation to 
shift in the same direction. 

In all of the a-substituted acids, as given in Table I, the sense 
of the shift in the direction of rotation on passing from the un- 
dissociated state of the carboxyl to the ionized state remains the 
same for each of the individual members of the homologous 
series (5). 

Resolution of a-Hydroxy Acids—Because of the differences in 
solubility of the individual members of this series and because of 
the lactide formation in the process of liberation of the free acids, 
it was found preferable to refer to the rotation of the barium salts 
in aqueous solution. 

Lactic acid has been resolved by Purdie and Walker (6). The 
maximum rotation of the sodium salt of the 1(+) acid is [M]® = 
—11.9°. The acid has [M]? = +3.4° (ec = 10.5). 

a-H ydroxy-n-butyric acid has been resolved by Guye and Jordan 
(7) through the brucine salt and by Levene and Haller (4) through 
the morphine salt. In the present study, the recrystallization of 
the morphine salt was continued until the solid phase and the 
filtrate yielded a barium salt of the d(—)-a-hydroxybutyrie acid 
with a constant rotation of [M]® = +14.9°, somewhat higher 
than that (+13.2°) previously recorded (4). 

a-Hydroxycaproic acid has been resolved by Levene, Mori, and 
Mikeska (3) through the cinchonidine salt. The same procedure 
was followed, and the recrystallization was continued until the 
rotations of the barium salts obtained respectively from the solid 
phase and from the mother liquor were practically identical. 
The rotation of the barium salt of the d(—) acid was [M]® = 
+22.2°, which is practically the same as that previously reported. 

Resolution of a-Bromo Acids—The resolution of the a-bromo- 
propionic acid to maximum was accomplished by Ramberg (8) 
through the cinchonine salt; in homogeneous state it had [M]? = 
—43.6°. 

a-Bromobutyric acid was resolved through the brucine salt. 
The maximum rotation was found to be [M]® = +59.6° (homo- 
geneous). It is peculiar that some time ago Ahlberg (9) failed to 
resolve the substance through the brucine salt but was successful in 
accomplishing the task through the strychnine salt, although the 


maximum rotation obtained by this author was only [MJ]? = 
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—54.0°. By conversion of the first mother liquor of the brucine 
salt into the strychnine salt, we have been able to obtain the 
levorotatory form. The three a-bromo acids discussed in this 
paper were resolved to the levorotatory acid through the strych- 
nine salt (10). 

a-Bromocaprove acid was resolved through the strychnine salt 
and the maximum rotation in homogeneous state was found to 
be [M]> = —71.4°. 

Thus, again in the homologous series of a-bromo acids rotating 
in the same direction the maximum values of the rotations of the 
successive members progressively increase in value. 

Series of a-Amino Acids—From Table I it may be seen that the 
rotations of the successive members of the series of a-amino acids 
likewise increase in value. The correlation of the configurations 
of the individual members given in Table I was assumed on the 
basis of the method of their preparation. Every one of the acids 
ean be prepared from the corresponding dextrorotatory a-bromo 
acid. 

In every case, the shift of the direction of rotation of every con- 
figurationally related member of each homologous series on passing 
from undissociated acid to the ion is in the same direction.! 

The effect of temperature on the conversion of amino acids to 
hydroxy acids was studied, and it was found that there was not 
much more racemization at 90° than at 28°. At 0° this amounted 
to 24, 15, and 25 per cent, for the derivatives of propionic, butyric, 
and caproic acids respectively. 

The racemization on conversion of the amino acid to the bromo 
acid with nitrosyl bromide is 15 per cent for the butyrie acid and 
22 per cent for the caproic acid. 

The a-hyvdroxybutyrie acid, when treated with NO and Bro, 
was recovered unchanged. 


' The levorotatory a-bromo acids, which are produced by the action of 
nitrosyl bromide from amino acids possessing the / configuration, differ 
from the latter in that they become more dextrorotatory or less strongly 
levorotatory on ionization. Therein they also differ from the l-a-hydroxy 
acids produced by the action of nitrous acid upon /-amino acids. If this 
be taken as evidence that they possess the d configuration, it must be con- 
cluded that Walden inversion occurs during their formation by the reaction 
of a-amino acids with nitrosyl bromide, and not during their conversion 
by ammonia into d-amino acids. (M. K.) 
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EXPERIMENTAL 


d(—)-a-Hydrory-n-Butyric Acid—The preparation and resolu- 
tion of the morphine salt was carried out in the manner described 
by Levene and Haller (4). The recrystallization of the morphine 
salt from 50 per cent alcohol was continued until a morphine salt 
was obtained which yielded a barium salt with [a]” = +8,6° 
(c = 8.1). 

From the mother liquor from the last crystallization, a second 
crystalline deposit was obtained which yielded a barium salt with 
[a] = +8.3° (c = 10.3). 

The mother liquor of this second substance was converted into 
the barium salt, having [a]” = +8.0° (ec = 15.3). 

The crystalline morphine salts were combined and recrystallized 
four times from 50 per cent alcohol. Two fractions were obtained 
which on conversion into barium salts gave the following two 
fractions. 

Fraction I. fa], = +8.69°; [MJ], = +14.9° (ec = 7.7) 


“ II. [ald = +8.50°; [M]> = +14.6° (“‘ = 12.0) 
(Ba salt in water) 


ll 


The [M]> = +14.9° may be accepted as the maximum rotation 
of the barium salt of d-a-hydroxy-n-butyric acid. Levene and 
Haller (4) report a rotation of [a]? = +7.7° for it. 

Fraction I was analyzed. 


CsH,,OsBa. Calculated. C 27.95, H 4.11, Ba 39.99 
Found ar fe 3.97, ** 39.93 


d(+)-a-Hydrory-n-Caproic Acid—¥or the resolution of this 
acid the procedure of Levene, Mori, and Mikeska (3) was followed. 
The cinchonidine salt was recrystallized from water until a sample 


of the erystals yielded a barium salt with [a]? +10.6° (in 
water) (c = 1.6). 
Part of the mother liquor of the above cinchonidine salt was 
converted into a barium salt having fa]® = +10.7° (ec = 1.7). 
The crystalline cinchonidine salt was recrystallized from water 
and a barium salt was obtained which had [a] = +10.9° (¢ 
= 1.7). 


The mother liquor yielded a barium salt with [a]? = +11.1°, 
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(Mj? = +22.2° (c = 1.7), which was taken as the maximum 
value. 
CysHaOsBa. Calculated, Ba 34.38; found, Ba 34.44 


Levene, Mori, and Mikeska (3) report [M]® = +23° for the 
sodium salt of a-hydroxy-n-caproie acid. They give a value of 


(M]? = —4.95° for the free acid in H,0. 

Rotations of (—)-a-Bromopropionic Acid (8)—An acid of [a|® 
= —21.6°, [M]® = —33.1° (homogeneous), i.e. 75 per cent of the 
maximum, gave a rotation of [a]® = —28.1°, [M]® = —43° 
(c = 11.6); whence the maximum [M]? = —57° in ether. 

Methyl a-Bromopropionate (11)—9.7 gm. of (—)-a-bromo- 
propionic acid, [a] = —21.6° (homogeneous) = 75 per cent of 


the maximal value, were dissolved in 100 ec. of methanol containing 
2gm. of H.SO,. This was refluxed for 8 hours, concentrated to a 
small volume, and extracted with ether. The fraction boiling 
at 41-43°, 15 mm., was collected. Yield 3.4 gm. 


C,H;0.Br. Calculated. C 28.75, H 4.23, Br 47.86 
Found. ** 29.30, ‘‘ 4.33, ** 46.97 
lal? = —37.7°; [M]> = —63.0°; maximum [M]= = —84° (homogeneous) 


Walker (11) reports [a]'] = +42.65° for the dextrorotatory variety 


of this substance. 

(+)-a-Bromo-n-Butyric Acid (3)—-The resolution of the racemic 
acid was accomplished by extracting the brucine salt with acetone 
and with varying mixtures of acetone and chloroform. A typical 
example of the procedure is the following. The dl-a-bromo-n- 
butyric acid was dissolved in a mixture of 5 parts of acetone and | 
part of chloroform, and 1 equivalent of brucine was added. As 
soon as a crystalline precipitate formed (after several hours), it 
was filtered off. It is essential not to allow this mixture to stand 
overnight. ‘The brucine salt was then extracted ten times with 
acetone at 50°. The operation was followed by extraction three 
times with a mixture of 9 parts of acetone and 1 part of chloroform 
at 50°; then three times with a mixture of 8 parts of acetone to 
2 parts of chloroform and finally four times with a mixture of 7 
parts of acetone and 3 parts of chloroform. After each of the 
last three extractions portions were taken and converted into the 
free acids. The optical rotation, [a] = +39.5°, [M]® = +66.0° 
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(in ether) (c = 9.1), was identical for each sample. Levene, Mori, 
and Mikeska (3) report [MM]? = +59°. 

The free acid was distilled. B.p. 66-69°, 0.04 mm.; d? = 
1.568. 


C,H;O.Br. Calculated. C 28.75, H 4.23, Br 47.86 


Found. “ae, 4.0. " ase 
la]> = +36.3°; [M]> = +60.6° (¢ = 9.5): maximum [M]?> = +66° (in ether) 
fa]p = +33.3°; [M]> = +55.6°; maximum [M]5 = +60° (homogeneous) 


Thus, racemization to the extent of 8 per cent occurred during 
distillation. 

About 1 year later the rotation of this same substance was again 
determined; it was 80 per cent of the maximal value, and thus had 
undergone a further racemization of 12 per cent. Its rotation was 
[a] = +27.2°; [MJ]? = +45.4° (c = 9.1); maximum [M]® 
= +57° (in 30 per cent alcohol). 

Methyl a-Bromo-n-Butyrate—10 gm. of (+)-a-bromo-n-butyric 
acid, [a]? = +26.5° (homogeneous) = 74.3 per cent of the 
maximal value, were dissolved in 100 cc. of methanol containing 
2 gm. of concentrated sulfuric acid and refluxed for 8 hours. 
The solution was then concentrated at 25° under reduced pressure 
toasmall volume. The residue was extracted with ether, and the 
ether solution was washed with a 5 per cent solution of sodium 
carbonate, then with water, and dried over anhydrous sodium 
sulfate and distilled. Yield 7.4 gm.; b.p. 57-59°, 11 mm.; d? = 
1.402; n>? = 1.4497. 


C;H,O.Br. Calculated. (€ 33.15, H 5.01, Br 44.16 
Found. “* 33.16, “* 4.99, ** 44.21 
[a]> = +37.9°: [M];, = +68.6°; maximum [M]>} = +93° (homogeneous 


(—)-a-Bromo-n-Bulyric Acid—The first mother liquor obtained 
from the brucine salt was liberated from the alkaloid and the 
free acid was converted into the strychnine salt. This was dis- 
solved in 95 per cent alcohol at 75° and cooled rapidly. The 
crystalline deposit was recrystallized in the same manner. After 
eight crystallizations a sample of the acid was obtained which 
had [a]> = —31.7°; [M]> = —57.4° (in ether) (ec = 14), ie. 
87 per cent of the maximum. The resolution was not continued 
further. 
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(—)-a-Bromo-n-Caproic Acid*—The dl-a-bromo-n-caproic acid 
was prepared in the usual way by bromination of pure n-caproic 
acid. The acid (ef. (3)) was neutralized with a solution of strych- 
nine in chloroform and the solution was concentrated under re- 
duced pressure to a thick syrup. The residue was taken up in 
acetone and the crystalline precipitate was filtered off the same 
day. The precipitate was then suspended in acetone, and the 
mixture stirred well with a mechanical stirrer and then filtered. 
The operation was repeated several times. The bromo acid at 
this stage had [a]??> = —24.5° (in ether). The extraction was 
continued with boiling acetone, and after four extractions the 
rotation of the resulting acid reached the value of [a]?> = —28.7° 
(in ether). The further resolution was continued by recrystalliza- 
tion from a mixture of 8 parts of acetone and 2 parts of water. 
After the ninth crystallization the strychnine salt yielded an acid 


with a rotation of [a]?> = —40.8° (in ether). The eleventh re- 
crystallization yielded an acid with the rotation of [a] = —41.6°; 
the twelfth —42.2°. After the thirteenth, it was [a]” = —42.1° 
(in ether) (c = 36). Thus, [a]® = —42.2°, [M]® = —82° (in 


ether), was accepted as the maximum obtained by this manner of 
resolution. The acid distilled at 90-92°, 1 mm.; d? = 1.367. 


C.H),0.Br. Calculated, Br 40.98; found, Br 41.03 


The rotation of the distilled product was [a]® = —36.2°, 
(M]® = —70.6°. This was 98.6 per cent of the maximal value, 
ie. only 1.4 per cent racemization had occurred on distillation, 
for a sample of a-bromo-n-caproic acid of [a]® = —34.0° (in 
ether) (¢ = 17.4), 7.e. 80.6 per cent of the maximal value, gave in 
the homogeneous state a rotation of [a]*> = —29.6°, [M]® = 
—57.7°, i.e. 80.6 per cent of the maximal value. Maximum 
(M]*® = —71.6° (homogeneous). 

From existing data (3) the following rotations were calculated, 
with [a]?> = —42.2° (in ether) as the maximum. In 30 per cent 
alcohol [a]? = — 35.2°; {M] = —68.6° (maximum); Na salt in 
water fa]? = —11.3°; [M]® = —24.5° (maximum). 

(—)-Methyl a-Bromo-n-Caproate—10 gm. of (—)-a-bromo-n- 

? Levene and Mardashew (12) report [a]p = —37.97° for a-bromo-n- 


° ° . ° rm: 2 
eaproic acid resolved in this manner. This value should have read a; 
= —37.97° (homogeneous, | dm.). 
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caproic acid, [a]??> = —36.2° (homogeneous) = 98.6 per cent of 
the maximal value, were refluxed for 8 hours with 100 ce. of 
methanol containing 2 gm. of concentrated sulfuric acid. The 
solution was concentrated to 15 ec. at 25° under reduced pressure, 
The residue was extracted with ether, and the ethereal solution 
washed with a 5 per cent sodium carbonate solution and then with 
water and dried over anhydrous sodium sulfate. The fraction 
boiling at 60-61°, 1 mm., was collected. The vield was 6.4 gm.; 
d> = 1.282; n> = 1.4520. 
C;H,;0.Br. Caleulated. C 40.18, H 6.28, Br 38.23 
Found. ** 40.30, ‘* 6.41, “ 38.28 
lal, = 19.4°: [MJ]? = —103°; maximum [M]? = —104° (homogeneous) 


Synthesis of l(+)-a-Amino-n-Butyric and of I+ )-a-Amino-n- 
Caproic Acids 

The synthesis was accomplished by a modification of the usual 
method (13) which led to yields of over 85 per cent for amino- 
butyric and 92.5 per cent for aminocaproic acid. There was 
practically no racemization in the course of the reaction. Hence, 
for the preparation of optically active amino acids in cases in 
which the acid can be prepared by the action of ammonia, it is 
preferable to resolve the bromo acid rather than the amino acid, 
It is not necessary to resolve the bromo acid to the maximum rota- 
tion, for the a-amino acids containing about 20 per cent of the 
dl form are readily purified to maximum rotation by two or three 
recrystallizations from water. 

A typical example of the preparation of 1(+-)-a-aminobutyric 
acid is the following. 13 gm. of (+)-a-bromo-n-butyric acid, 
la] = +26.5° (homogeneous) = 74.3 per cent of the maximal 
value, were slowly added to 100 ce. of saturated aqueous ammonia. 
The solution was allowed to stand at room temperature for 2 
days and then evaporated to complete dryness under reduced 
pressure. ‘To remove residual moisture, small portions of meth- 
anol and of benzene were added to the residue and the solvents 
were removed by distillation under reduced pressure at 40-50°. 
The operation was repeated several times. The residue was then 
extracted with hot methanol and the operation continued until 
the residue no longer showed the presence of bromide ions. As 
a rule two or three extractions sufficed. The extracts were again 
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concentrated to dryness under reduced pressure and the residue 
was again extracted with hot methanol. If an insoluble residue 
was obtained, the operation of concentrating the mother liquor 
with subsequent extraction was continued until the product was 
completely soluble in methanol. In this experiment the yield of 
the first residue was 6 gm. and from the extracts an additional 
10 gm. were obtained, a total yield of 87 per cent of amino acid. 
[a]? = +16.0° (c = 5.0) (in 20 per cent HCl), corresponding to 
78 per cent of the maximal value (see below). Though the 
starting material contained 25.7 per cent of the dl form, the amino 
acid contained only about 22 per cent of the dl form. 


C,H,O.N. Calculated, N 13.58; found, N 13.76 


This substance was recrystallized five times from water, when 
its rotation in 20 per cent HCl was [a]? = +20.5° (ec = 10), 
maximum |[M]?> = +21.1° (in 20 per cent HCl). 

d(—)-a-Amino-n-Caprotc Acid (12)—55 gm. of (—)-a-bromo- 
n-caproic acid, {a]??> = —32.3° (homogeneous) = 88 per cent of 
the maximal value, were dissolved in 565 cc. of saturated aqueous 
ammonia and allowed to stand at room temperature for 36 hours. 
The further procedure was as above. The residue obtained on 
concentration of the first methanol extract was completely soluble 
in hot methanol. ‘The first residue insoluble in hot methanol was 
washed on a Buchner funnel with methanol until free from bromide 
ions. The yield was 34 gm. or 92.5 per cent. 


C.eH,;0.N. Calculated. C 54.92, H 10.00, NH.-N 10.69 


Found. “* 54.94, “* 9.99, ** 10.67 
[a]p = —21.4°, (M]p = —28° (in 20 % HCl) (c = 9.4) 


Marko (14) reports [a]? = +23.1° (in 20 per cent HCl, ¢ = 
1.6), [M|?? = +30°, which can be considered maximum. 

Action of HNOz on Alanine at Different Temperatures. At 
28° in Aqueous Solution—10 gm. of 1(+)-alanine, [a]? = +7.10° 
(in 20 per cent HCl) = 46 per cent of the maximal value, were 
dissolved in 124 ec. of N sulfurie acid and a solution of 8.6 gm. 
of NaNOz in 25 cc. of water was added at a slow rate in the course 
of 10 minutes with constant stirring. At the end of this period 
another 25 cc. of an identical solution were added in the same 
manner. The reaction product was then neutralized with sodium 
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hydroxide and the solution was concentrated to dryness. To 
remove traces of water a mixture of benzene and alcohol was added 
and removed by distillation under reduced pressure, the operation 
being repeated several times. The salts were then esterified with 
ethanol in the usual way and the esters fractionated. The frac- 
tion boiling at 146-153° was collected. 

The rotation of the ethyl /-lactate was [a]? = —4.06° (homo- 
geneous), ?.e. 28 per cent of the maximal value (see below) ; raeemi- 
zation = 39 per cent. 

At 0° in Aqueous Solution —10 gm. of 1(+)-alanine, [a] * = 
+7.10° (in 20 per cent HCl) = 46 per cent of the maximal value, 
were dissolved in 124 ec. of N sulfuric acid, cooled in an ice water 
bath, and a solution of 8.6 gm. of NaNO, in 50 cc. of water was 
added in the course of 45 minutes with constant stirring. At 
the end of this period another 8.6 gm. of NaNOs were added in 
the same manner. 2 cc. of the solution at this time when analyzed 
for amino nitrogen gave 1.4 cc. of Ne (Van Slyke). Another 8.6 
gm. portion of NaNO: was added and the solution was stirred in 
the ice bath for an additional hour. 2 ec. of the solution then 
gave 0.2 cc. of Ne. The entire reaction required 3} hours. The 
solution was neutralized with alkali and concentrated to a small 
volume. Then it was acidified with 40 per cent phosphoric acid 
and extracted with ether. The ether extract was dried with an- 
hydrous sodium sulfate and evaporated to a small volume. Bar- 
ium hydroxide solution was added in excess. The solution was 
neutralized with sulfuric acid and centrifuged. The supernatant 
liquid was concentrated to dryness and the barium salt dried. 
The weight of barium salt was 9.5 gm. This was esterified with 
ethanol in the usual way, and the ester fractionated. The ethyl 


l-lactate, b.p. 148-153°, had [a]?? = —5.05°, [MJ = —5.96° 
(homogeneous), 7.c. 35 per cent of the maximal value; maximum 
[M]!® = —17.1° (11). Thus 24 per cent racemization took place 


during the reactions. 

At 90° in Glacial Acetic Acid—10 gm. of I(+)-alanine, {a]® 
= +7.10° (in 20 per cent HCl), were dissolved in 300 ce. of glacial 
acetic acid and heated to 90° on a boiling water bath and 17 gm. 
of pulverized NaNO, were added in small portions with constant 
stirring. Further treatment was the same as in the previous ex- 
periment. 
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The resulting ethyl /-lactate had [a]?”7 = —3.79° (homogeneous) 
= 26 per cent of the maximal value; whence racemization = 43 


per cent. 


CsHi00O;. Caleulated. C 50.81, H 8.54 
Found. ** 50.20, ‘* 8.56 


Action of NOBr on Alanine—An aqueous solution of 5 gm. of 
l(+)-alanine, [a]? = +14.7° (in 20 per cent HCl), i.e. 96 per cent 
of the maximal value, was cooled in ice and an ethereal solution 
of nitrosyl bromide was added until the yellow color persisted for 
some time. The mixture was allowed to stand at room tempera- 
ture for 14 hours. The bromopropionic acid was then extracted 
with ether and purified by fractional distillation. 


C.H,O.Br. Caleulated. C 23.54, H 3.29 
Found. “a.” aoe 


[a] > = —20.2°, (M]® = —31.4° (homogeneous) = 71.5 per cent 
of the maximum; 25.6 per cent racemization. 

Levene and Haller (4) established the relationship between the 
barium salt and the ethyl ester of a-hydroxy-n-butyric acid. 
From a barium salt of [a]? = +7.7°, [M]## = +13.2°, an ethyl 
ester was obtained with [a]** = +8.59°, [M]” = +11.3° (homo- 
geneous). This salt gave a free acid of [a]** = —3.2° (calculated) 
(in H,O). The least maximum rotations, with [M]® = +14.9° 
for the barium salt, are as follows: for the ethyl ester [M]? = 
+12.8° (homogeneous) and for the free acid [M]*® = —3.7° 
(in H.O). 

Action of NOBr on a-Hydrorybutyric Acid—This experiment 
aimed at ascertaining whether in the substitution of NH: by 
Br by reaction with NOBr the formation of the hydroxy acid is not 
the prior reaction, followed by its bromination. 13 gm. of the 
barium salt of the dl-a-hydroxy-n-butyric acid were suspended 
in 10 ec. of water and 32.5 ec. of 40 per cent hydrobromie acid. 
5 ec. of bromine were added to the solution and nitric oxide was 
passed through the solution which was kept in a freezing mixture 
of ice and salt for 3 hours. At the end of that time 2 ec. of bromine 
were again added. The gas was passed during an additional 2 
hours. The bromine was removed in the usual way and the re- 
action product extracted with ether. The acid distilled at 138- 
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144° at 15 mm. pressure and the distillate crystallized on standing. 
It contained no bromine. 


C,H;O;. Calculated. C 46.13, H 8.75 
Found. ‘© 45.67, ‘* 7.80 


Action of HNO: on I(+)-a-Amino-n-Butyric Actd—20 gm. of 
a-amino-n-butyric acid, fa] = +10° (in 20 per cent HCl), ie. 
49 per cent of the maximal value, were converted into the hydroxy 
acid at 0° in aqueous solution in the manner described in the case 
of alanine. The reaction product was converted into the ethyl 
ester. It boiled at 49-57° at 15 mm. The yield was 10 gm. of 
ethyl l-a-hydroxybutyrate. 


C.H,.0;. Caleulated. C 54.40, H 9.16 
wae) 


Found. 1.42. °° 9.11 
[a] > = —4.0° (homogeneous), [M]” = —5.3° = 41.4 per cent 
of the maximal value of [M]? = —12.8°. Thus 15 per cent 


racemization took place. 

In the same way, 10 gm. of /(+)-a-amino-n-butyric acid, 
fa] > = +17.3° (in 20 per cent HCI), 7.e. 85 per cent of the maximal 
value, were deaminized at 0° and the hydroxy acid was converted 
into the barium salt. The yield was 15 gm. 


CsH,,OcBa. Calculated. C 27.95, H 4.11, Ba 39.99 


Found. oe 10.53 
[a] = —6,.29°, [M]® = —10.8° (in H,O) (c = 10.5); i.e., 
72.5 per cent of the maximum [M]?’ = —14.9°. Thus 15 per 


cent of racemization took place during the reaction. 

Action of NOBr on a-Amino-n-Butyric Acid—10 gm. of l(+-)-a- 
amino-n-butyrie acid, fa]? = +7.5° (in 20 per cent HCl), ie. 
37 per cent of the maximal value, were treated in the manner de- 
scribed in the case of a-hydroxy-n-butyric acid. 13 gm. of the 
bromo acid were obtained, which boiled at 103—108°, 15 mm. 


C,H,0.Br. Calculated, Br 47.9; found, Br 47.86 


The rotation of the a-bromobutyrie acid was [a];> = —11.7° 
(homogeneous), t.e. 32 per cent of the maximum, which corre- 
sponds to 13.5 per cent racemization in the course of the reaction. 

d(—)-a-Hydrory-n-Caproic Acid—15 gm. of d(—)-a-amino- 
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° . 95 . 
n-caproic acid, [a]; = —21.4° (in 20 per cent HCl) = 88 per cent 
of the maximal value, were deaminized at 0° in aqueous solution 
in the manner described above. The barium salt was isolated. 


C,,.H»O<Ba. Calculated, Ba 34.38: found, Ba 34.45 


faj24 = +7.31°, [M]%4 = +14.4° (in HO), which is 65 per cent 


of the maximum of [M]” = —22.2°. There is 25 per cent racemi- 
zation. 

(+)-a-Bromo-n-Caproie Acid—10 gm. of d( — )-a-amino-n-caproice 
acid, [a]>> = —21.4° (in 20 per cent HCl) = 88 per cent of the 


maximal value, were treated with NOBr in aqueous solution in 
the manner described above. The yield of (+)-a-bromocaproic 
acid was 5 gm. It distilled at 86-89°, 0.35 mm. 


C.H;,0.Br. Caleulated. C 36.92, H 5.69, Br 40.98 


Found. ‘* 37.09, ‘* 5.74, ‘‘ 40.60 
fa]? = +425.3°, [M]? = +49.5° (homogeneous), which is 


69 per cent of the maximal value; the racemization therefore 
was 22 per cent. 

Ethyl d(+)-a-Hydroxy-n-Caproate—9 gm. of barium d(+)-a- 
hydroxy-n-caproate, [a]? = +7.31° (in H.O) = 66 per cent of the 
maximal value, were suspended in 18 cc. of absolute alcohol and 
2.6 gm. of concentrated sulfuric acid in 7 ec. of absolute alcohol 
were slowly added with shaking. This was refluxed overnight. 
The ethyl d(+-)-a-hydroxyeaproate, isolated as usual, distilled 
at 49-53°, 0.6 mm. The yield was 2.6 gm.; d?? = 0.9664. 


(C<H).Q 5. Caleulated. C 59.95, H 10.07 


Found. “* 59.95, ** 9.91 
lal = +4.68°, [M|3 = +7.5°; whence the least maximum 
[M]= = +11° (homogeneous). 


SUMMARY 


1. a-Hydroxy-n-butyric and a-hydroxy-n-caproic acids were 
resolved to maximal rotation. The molecular rotations of the 
barium salts of the / acids are —14.9° and —22° respectively. 

2. The rotation of a-bromopropioniec acid was determined in 
ether, and it was converted into the methyl ester. The maximum 
rotation in ether was found to be [M]” = —57°, and that of its 
ester [M]®> = —84°. 
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3. a-Bromo-n-butyric and a-bromo-n-caproic acids were re- 
solved to maximum values of [M]® = +60° and —72° respec- 
tively. Their methyl esters had [M]*> = +92° and —104°, 

4. a-Amino-n-butyric and a-amino-n-caproic acids were ob- 
tained from the a-bromo acids, and maximum rotations of [M]® 
= +21.1° and —31.9° respectively were obtained. 

5. Alanine was treated with nitrous acid at 0°, 28°, and 90° 
and converted to the ethyl ester; the racemization was found to be 
24, 39, and 43 per cent respectively. 

6. a-Amino-n-butyric acid was treated with nitrous acid at 
0° and converted into the ethyl ester, and the racemization was 
found to be 15 per cent. 

7. a-Amino-n-butyric and a-amino-n-caproic acids were treated 
with nitrous acid at 0° and the hydroxy acids were converted into 
the barium salts. The racemization was found to be 15 per cent 
and 25 per cent respectively. 

8. Alanine, a-amino-n-butyric and a-amino-n-caproic acids 
were converted into their respective bromo acids and the racemiza- 
tion was found to be 25.6, 13.5, and 22 per cent. 
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STUDIES ON THE RESPIRATORY PIGMENT OF 
URECHIS EGGS 
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(From the School of Biological Sciences, Stanford University, California) 
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Experiments previously reported (1) have shown that the eggs 
of the Pacific marine worm, Urechis caupo, contain a reversible 
oxidation-reduction pigment. The pigment, called wurechrome, 
is autoxidizable and changes color from red to yellow on oxidation. 
It is soluble in water (reduced form insoluble below pH 5) and in 
acidified methanol, but insoluble in ether, acetone, chloroform, 
and neutral alcohol. Evidence for participation of the pigment 
in cellular respiration has been previously given. 

Because of its biochemical interest and possible embryological 
significance, a more extensive study of the substance has been 
made, the results of which are reported below. 

Occurrence and Preparation—Urechrome occurs chiefly in the 
eggs of the worm. None has been found in the muscle, viscera, 
egg sacs, or sperm. Traces are found in the centrifuged blood 
elements of the female, probably in association with the oocytes, 
which mature in the blood of this species. 

To prepare the pigment, the egg sacs are dissected from the 
animal and dropped into sea water, care being taken to prevent 
contamination by blood. The eggs are released by puncturing 
the sacs and the empty sacs are removed. After the eggs have 
been washed several times, they are centrifuged down and 
transferred to a Soxhlet apparatus where they are extracted first 
with acetone and then with ether until yellow pigments no longer 
come over. The urechrome, which remains behind, is extracted 
by shaking with 0.1 N HCl-methanol at 40°. The solution is 
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filtered and then concentrated in vacuo to about one-fourth of the 
original volume. It is now brought to pH 2 (glass electrode) with 
1 n NaOH, precipitating reduced urechrome. After standing at 
0° for several hours, the precipitate is centrifuged down, redis- 
solved in HCl-methanol, and reprecipitated with 4 to 5 volumes of 
ether. The ether precipitation is repeated, after which the pig- 
ment is collected in a centrifuge tube, washed twice with absolute 
methanol, and twice with distilled water. It is dried in vacuo 
over calcium chloride. The reduced pigment dries in dark violet, 
glistening flakes. It is non-crystalline. 10 gm. of dehydrated, 
defatted eggs yield about 40 to 50 mg. of urechrome. An addi- 
tional 15 to 20 mg. can be recovered from the supernatant of the 
NaOH precipitation by reducing the oxidized pigment, which has 
remained in solution, with a small crystal of stannous chloride and 
proceeding as with the first precipitate. It has been found that 
reduced urechrome can also be precipitated from HCl-methanol 
with a small amount of pyridine, apparently as the result of salt 


formation. 
EXPERIMENTAL 


Oxidation-Reduction Potential—The oxidation-reduction poten- 
tial has been studied polarographically (2-4), checked by po- 
tentiometric titration. The advantage of the polarographic 
method consists in its being particularly adaptable to small quanti- 
ties in which the ratios of oxidant to reductant and the correspond- 
ing values of E, are determinable without the addition of a second 
system. The method as used by us is less accurate than the po- 
tentiometric titration, the error being +5 millivolts. 

The instrument used was the Heyrovsky-Nejedly type with a 
dropping mercury electrode and a saturated calomel reference 
half-cell. The set-up was essentially that described by Miiller 
and Baumberger (2). The temperature was 25° + 1°! A 
saturated solution of pigment (1 to 3 mg. per cc.) in phosphate or 
borate buffer of the desired pH was deoxygenated by a stream of 
O.-free nitrogen. A small quantity of platinized asbestos was 
added and the gas changed to hydrogen. At various stages of 
reduction (judged roughly by the color of the solution) the hydro- 


! Owing to a typographical error, the temperature of the experiments 


was previously reported as 250° (1 
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gen was replaced by nitrogen and a current-voltage curve was 
photographically recorded (Fig. 1). After complete reduction 
had been attained, the process could be reversed by introducing 
successive small amounts of air into the solution until complete 
oxidation was reached. From the polarographic curves so ob- 
tained, #, and the relative heights of the cathodic and anodic 
waves can be measured, from which 2’, the ratio [Ox]: |Red], and 
the number of electrons involved in the reaction can be calculated. 
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Fig. 1. Polarogram of urechrome. Phosphate buffer, pH 6.26. The 
horizontal line indicates ‘“‘galvanometer zero,’’ above which a dropping Hg 
electrode is the cathode and below which it is the anode. <A short vertical 
line is drawn through the half waves, intersecting ‘“‘galvanometer zero’’ 
at EB’). The ratios [Ox]:|Red] are as follows: Curve I, 4:3; Curve II, 7:18; 
Curves III and LV, practically zero. 


Details of the calculations are given in the paper of Miiller and 
Baumberger (2). The potentials were readily reproducible, and 
were not noticeably affected by variations in the total concen- 
tration of dye. 

The change in £’) with pH was investigated from pH 5 to 10. 
These are the practical limits of pH for the substance, since below 
pH 5 the reduced form is insoluble and above pH 10 the pigment is 
unstable. #’) decreases by 59 millivolts per unit increase in pH, 
within the limits of experimental error (Table I). 

The reduction of urechrome involves only 1 electron, as can 








410 Respiratory Pigment of Urechis 


be seen in Table I, where calculated values of £, for 1 and 2 
electron processes are compared with the observed potentials, 
With some preparations a second polarographic wave was observed 
at a potential several hundred millivolts negative to the main wave, 
The height and slope of this wave were extremely variable, in 
some cases being pronounced, in others imperceptible. The 


TABLE I 
Relation of E'y to pH and Evaluation of n, from Polarographic Data 


Ep 
pH E's, (Ox) 
[Red] Calculated Calculated Stewed 
r= n=2 
volt volt volt = 
5.31 0). 287 
6.26 0). 228 $:3 0). 236 0). 232 (0). 239 
sci 0.203 0.215 0.206 
7.39 0.163 3:3 0.192 0.178 0.19] 
9:7 0.170 0.167 0.172 
5:36 0.112 0.137 0.106 
2:25 0.097 0.130 0.091 
1:23 0.081 0.122 0.077 
7.70 0.143* 
8.62 0.089* 
9.15 0.057 7:3 0.079 0.068 0).077 
19:13 0.067 0.062 0.066 
21:16 0.064 0.061 0.063 
rth 0.013 0.035 0.011 
8:47 0.011 0.034 0.011 
1:23 0.025 0.016 0.020 
9.97 0.007 7:1 0.058 0.033 0.056 
Mean deviation from observed. . 0.003 0.019 


* Potentiometric titration. 


“half wave” potential did not vary in any regular manner with 
pH, nor was it ever observed to fall below the ‘“galvanometer 
zero” line, i.e. in the region corresponding to a completely reduced 
system, even after prolonged bubbling of hydrogen. We believe 
the wave to be due to an unknown impurity or decomposition 
product. 

As a check on the polarographically determined potentials a few 
potentiometric titrations with a platinum electrode were carried 
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out. The reducing agent was NaeS.O,, the oxidizing agent fer- 
ricyanide. The atmosphere was nitrogen. The results on the 
whole are in close agreement with the polarographically deter- 
mined potentials, although the curves tend to be somewhat 
steeper than the theoretical, with drifting potentials at the ex- 
tremes of the curve. This is attributed to poor poising of the 
system. A titration curve at pH 8.62 is shown in Fig. 2. The 
agreement between the polarographic and titrimetric measure- 
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Fic. 2. Titration of reduced urechrome with ferricyanide, pH 8.62. 
The curves are the theoretical for n = landn = 2. The circles represent 


experimental values. 


ments is in accord with the findings of previous studies on electro- 
active reversible systems. 
We conclude that urechrome is a reversible oxidation-reduction 
system conforming, within the experimental limits, to the equation 
RT [Ox] RT 


t 
pees = ] +] 
y "Ga Fo 


EE, = 0.599 4+ 
where the formulation of the reaction is as follows: 


Oxidant + H* + e= reductant 


Absorption Spectrum—Solutions of the pigment exhibit no 
specific absorption in the visible region. Aqueous solutions of the 
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oxidized form show general absorption of wave-lengths below 
540 mu, whereas the reduced form absorbs generally below 620 
mu. Reduced urechrome dissolved in acid methanol shows aq 
band in the near ultraviolet at 388 mu. The oxidized form has 
not been investigated in this region. 

Reduced urechrome forms a deep violet solution in concen- 
trated sulfuric acid. This solution exhibits two marked absorp- 
tion bands: a broad band centering at 553 my and a narrow band at 
688 mu. The bands resemble those of hematoporphyrin an- 
hydride, formed from hemoglobin in concentrated sulfuric acid, 
which shows a broad band at 553 my and a narrow one at 613 mu. 
It was therefore attempted to make a pyridine hemochromogen 
derivative of urechrome by reduction in alkaline solution in the 
presence of pyridine. The resulting solution showed a strong band 
at 548 mu and a weak band at 515 my, typical of pyridine hemo- 
chromogen. It should be noted that the spectrum of pyridine 
hemochromogen cannot have resulted from contamination of the 
preparation with hemoglobin, since no hemoglobin spectrum was 
observed in untreated solutions, nor is the spectrum obtained by 
sulfuric acid treatment that of hematoporphyrin. 

Molecular Weight—Since the degree of purity of the pigment 
was not known, the molecular weight was approximated from 
diffusion measurements. A Northrop and Anson type of diffusion 
cell (5, 6) of 7.29 ec. capacity was used. The membrane constant, 
K, determined by standardization against 2 mM NaCl, was 0.470. 
The temperature of the thermostat was 20° + 0.05°. In order 
to obtain a high concentration of urechrome in the diffusion cell, 
acidified methanol was the solvent used in the dye experiments. 
Relative concentrations on the two sides of the membrane were 
measured with an Evelyn photoelectric colorimeter. 

Three determinations of the diffusion constant of urechrome 
gave Deo, methanot = 0.363, 0.366, and 0.377 sq. em. per day; aver- 
age, 0.368. Assigning the values 0.0062 to the viscosity of the 
solvent and 1.3 to the density of the pigment, one arrives at an 
approximate molecular weight of 1700. The method of calcula- 
tion is given by Northrop and Anson (5). Since the calculation 
is based on the assumptions of a spherical molecule and the 
absence of solvation and ionization effects, the strict validity of 
which is in most cases doubtful, this value is to be taken as an 


approximation only. 
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The molecular weight from diffusion data is in fair agreement 
with that calculated from hydrogenation experiments. Ure- 
chrome is rapidly and reversibly reduced by hydrogen gas in the 
presence of finely divided platinum. From the potentiometric 
data it is known that the reduction involves 1 hydrogen atom per 
molecule of pigment. By carrying out the reaction in Warburg 
manometers, the uptake of hydrogen can be measured and the 
equivalent weight of pigment calculated. It was found that 
8.18 ¢.mm. of He are taken up per mg. of pigment. The weight 
of pigment equivalent to 1 gm. atom of hydrogen is then 


$ X 22,400 
8.18 


= 1370 


DISCUSSION 

Urechrome is an autoxidizable pigment of relatively high poten- 
tial. Evidence for its participation in the respiration of the egg 
cell has been presented in a previous paper. Because of the 
difficulty of obtaining sufficient quantities of the substance, fur- 
ther chemical studies of the molecule have not been possible. The 
available data, however, suggest that it may be related to the 
heme pigments. Such a hypothesis is consistent with the observed 
valence change of 1 on reduction, with the absorption spectra of 
the derivatives studied, and with the solubility properties of the 
pigment. That it is not a typical heme pigment, however, is 
evidenced by the absence of characteristic absorption bands in 
solutions of the untreated dye, as well as by the molecular weight, 
which appears to be too high for that of a free metalloporphyrin 
and too low for that of a chromoprotein. The fact that the 
pigment is not extracted from the cell by aqueous solvents, 
although it is soluble in them, suggests that, as obtained in extracts, 
it may represent a fragment of a larger molecule. This would 
explain the molecular weight and possibly other properties of the 
substance. 

Concerning the biological significance of urechrome, the out- 
standing fact is that it has been found only in the eggs. Its poten- 
tial, which is in the range of the cytochromes, and its autoxidizabil- 
ity indicate that it intermediates between oxygen and the reducing 
systems of the cell. It is noteworthy that spectroscopic examina- 
tions made by us of both living eggs and extracts have failed to 
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reveal the absorption bands of cytochrome. The studies of 
Brachet (7) and of Ball and Meyerhof (8) on the eggs of other 
species have given similar results. As is pointed out by the 
latter authors, this does not constitute proof that the cytochromes 
are not present, since they may occur in quantities too small for 
detection by ordinary methods. They suggest the possibility 
that a hemin other than cytochrome may be involved in the respi- 
ration of the egg. The present work constitutes evidence that 
such may be the case in the eggs of Urechis. On the basis of 
microscopic examinations, Baumberger and Michaelis (9) have 
concluded that pigmented granules present in these eggs are 
derived from the hematin of the blood. It appears likely that 
these granules are to be identified with urechrome, although this 
would be difficult to prove. It has been observed (10) that 
during the embryonic development of the egg red granules become 
localized in the ciliated regions of the embryo, suggesting a rela- 
tionship with the ciliary metabolism. 

SUMMARY 

1. Urechrome, the red pigment of the eggs of Urechis caupo, is a 
reversible oxidation-reduction system. At pH 7 FE’) = +0.186 
volt; n = 1. 

2. Solutions of the untreated pigment show no specific absorp- 
tion in the visible region. In concentrated sulfuric acid bands 
appear at 553 and 688 mu. Reduction in alkaline pyridine solu- 
tion brings out the spectrum of a pyridine hemochromogen. 

3. The approximate molecular weight determined from diffusion 
experiments is 1700. 

1. It is suggested that the pigment is related to the hemins. 


5. The possible physiological réle of urechrome is discussed. 


One of us (N. H. H.) desires to express his gratitude to Professor 
D. M. Whitaker and Professor C. B. van Niel of Stanford Uni- 
versity and the Hopkins Marine Station for their generous aid 


during his residence there. 
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While the rate of turnover of the total phospholipids of neoplastic 
tissue has been investigated by the use of radioactive phosphorus 
(7, 10), that of the individual phospholipids has received but 
limited attention. Haven (8) found that the lecithin fraction of 
Carcinosarcoma 256 had a more rapid rate of turnover than the 
cephalin fraction. Although sphingomyelin is known to occur in 
the active fraction of chicken tumor (4), it has not been reported 
present in mammalian tumors. Accordingly this investigation was 
undertaken to determine (a) to what extent sphingomyelin oc- 
curred in rat Carcinosarcoma 256 and (b) its rate of turnover as 
measured by radioactive phosphorus. 


EXPERIMENTAL 


Tumor—Carcinosarcoma 256 was used throughout these ex- 
periments. The rats used and the method of inoculation have 
heen previously described (8). The tumors were from 4 to 11 
weeks old at the time of administration of radioactive phosphorus. 

Preparation and Administration of Disodium Hydrogen Phos- 
phate Containing Radioactive Phosphorus—Red phosphorus which 
had been made radioactive in the University of Rochester eyclo- 
tron was dissolved in concentrated nitric acid, filtered, and care- 
fully taken almost to dryness several times. After final oxidation 
with aqua regia, the solution was concentrated nearly to dryness 


* The substance of this paper was presented before the American Society 
for Experimental Pathology at Chicago, April, 1941 (Proc. Am. Soc. Biol. 
Chem., J. Biol. Chem., 140, p. exlv (1941)). This investigation was aided 
by grants from the International Cancer Research Foundation and the 
Rockefeller Foundation. 
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and the residue dissolved in water; after neutralization with sodium 
carbonate to a pH of 6 to 7, the solution was made to volume. 

Each tumor-bearing rat received 1 cc. of the above solution con- 
taining approximately 100,000 counts per minute on our scale-of- 
four Geiger-Miiller counter. The rats in Series I received the 
phosphate solution by stomach tube followed by 30 drops of cod 
liver oil; those in Series II received the solution subcutaneously 
in the interscapular region of the back. 

Treatment of Tissue and Extraction of Lipids—From 6 hours to 
6 days after administration of the radioactive phosphorus the 
animals were killed by decapitation and the tumors removed. In 
Series I the whole tumor was used for analysis; in Series IT the 
tumor was separated grossly into peripheral and central tissue. 
The fresh tissue was ground with sand, and the lipids were ex- 
tracted with various solvents. In a preliminary series of experi- 
ments the solvents used were alcohol-ether (3:1) followed by ether. 
Since it was found that the sphingomyelin was not completely ex- 
tracted by the use of these solvents alone, in all subsequent experi- 
ments chloroform-methanol (1:1) was used in addition. 

Isolation of Sphingomyelin As Reineckate—The solvent was re- 
moved from the lipid extracts in a partial vacuum under nitrogen 
with the addition of absolute alcohol toward the end of the distil- 
lation. After the residue was thoroughly extracted with chloro- 
form, the solution was filtered and made to volume. An aliquot 
was taken for determination of total lipoid phosphorus by the 
method of Kuttner and Lichtenstein (11) and of radioactivity by 
the method of Bale, Haven, and LeFevre (1). Duplicate 
aliquots of the remaining solution were taken for isolation of 
sphingomyelin as the reineckate. The procedure used was es- 
sentially that of Thannhauser and Setz (15), later modified by 
Thannhauser, Benotti, and Reinstein (12) and recently used by 
Erickson, Avrin, Teague, and Williams (5). Modifications of 
Thannhauser’s method had already been worked out in this lab- 
oratory by Hunter (9) and by the authors. 

Sphingomyelin values were calculated from the weights (15 to 
85 mg.) of dried sphingomyelin reineckate by multiplying by the 
factor 0.788 (12). 

Determination of Radioactivity of Sphingomyelin Reineckate— 
The sphingomyelin reineckate was not sufficiently soluble in 
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methanol-acetone to be dissolved in the 2 cc. volume necessary 
for our counting procedure (1). For this reason the sphingomyelin 
reineckate samples were ashed with fuming nitric acid before the 
radioactivity was determined. Since the ashing with fuming nitric 
acid does not completely liberate phosphate from the sphingo- 
myelin compound, the material after counting was heated with 
concentrated sulfuric acid before the phosphorus analyses could be 
made. 
DISCUSSION 

Choice of Solvent for Extraction of Sphingomyelin—Since it was 
not known whether alcohol-ether alone as used by Bloor (2) would 
extract sphingomyelin completely from tissues, it seemed advisable 
to follow such extraction by treatment with chloroform-methanol 
(14). Comparative amounts of sphingomyelin obtained by ex- 
traction of the wet tumor tissue with aleohol-ether with and with- 
out subsequent use of chloroform-methanol are presented in 
Table I. 

Thus with the additional use of chloroform-methanol larger 
amounts of sphingomyelin are extracted than with alcohol-ether 
alone. From the small number of analyses it appears to be im- 
material whether the residue obtained from such tissue extraction 
is extracted with petroleum ether or with chloroform. 

Sphingomyelin Content of Carcinosarcoma 256 Tisswe—The 
sphingomyelin content of whole tumor tissue and that of pe- 
ripheral and central tumor tissue is given in Table II. These 
results indicate that sphingomyelin makes up approximately one- 
quarter of the total phospholipid content of the peripheral tissue 
of this tumor (6) and considerably more than that of the central 
tissue. The difference in sphingomyelin content between periph- 
eral and central tissue is not significant and is not accounted for 
hy the difference in water content of these two portions of the 
tumor (6); in fact, the higher water content of the central tissue 
would tend to increase this difference when expressed on a dry 
weight basis. It is interesting to note that the sphingomyelin 
content of this tumor (dry weight) is higher than that of any nor- 
mal tissue except brain according to the figures given by Thann- 
hauser et al. (13). 

Phosphorus Content of Sphingomyclin—Evidence has been ad- 
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vanced (14) to indicate that sphingomyelin may exist in an ester 
form. This esterified sphingomyelin (palmityllignocerylsphingo- 


TABLE I 
Sphingomyelin Obtained by Extraction of Wet Tumor Tissue 


Solvent used for extraction of Per cent sphingo- 
myelin in tumor 


Tumor tissue Residue moist weight) 


Aleohol-ether followed by Petroleum ether 0.30 
ether 0.29 


Average 0.27 


Aleohol-ether followed by Petroleum ether 0.35 
ether then  chloroform- 0.35 
methanol 0.43 


Chloroform 0.41 


Average 0.38 


TABLE I] 


Sphingomyelin Content of Tumor Tissue 


Sphingomyelin, average 


Tissue No. of tumors per cent morst weight 
Whole F 25 0.32 + 0.04* 
Peripheral 23 0.30 + 0.05* 
Central 21 0.38 + 0.06* 


* Standard deviation. 


myelin) would have a theoretical phosphorus content of 2.89 per 
cent, while that of the unesterified sphingomyelin is 3.72 per cent. 
Thannhauser and Reichel (14) point out “the possibility that the 











F. L. Haven and 8. R. Levy 421 


lipid exists solely in the esterified form in nature, and that partial 
autolysis of the ester takes place in the tissue during the process 
of isolation.”” The data presented in Table III do not support 
this idea. The fact that in twenty out of twenty-three analyses a 
lower phosphorus content is found in the sphingomyelin of the 
central tissue may indicate that here the sphingomyelin is largely 
in the esterified form while in the outer or more actively growing 
tissue the additional fatty acid is lacking. This would agree with 
the finding (6) of much larger amounts of esterified cholesterol in 
the center than in the periphery of this same tumor. 


TABLE III 


Per Cent Phosphorus in Sphingomyelin from Peripheral and Central 
Tumor Tissue 


Peripheral Central 


a Central tissue | Difference aa Pm Difference 
3.50 2.96 | 0.54 3.76 3.34 0.42 
3.45 3.61 ~0.16 3.68 3.67 0.01 
3.79 3.70 0.09 | 3.89 3.57 0.32 
3.58 3.29 0.29 | 3.43 
3.86 2.96 0.90 3.20 3.01 0.19 
3.87 3.55 0.32 3.23 
3.54 3.59 —0.05 3.37 3.24 0.13 
3.82 3.23 0.59 3.69 3.24 0.45 
3.57 3.36 0.21 3.66 3.14 0.52 
3.77 3.50 0.27 3.12 3.11 | 0.01 
3.23 3.53 ~0.30 3.66 3.05 0.61 
3.54 3.30 0.24 3.45 3.48 | 0.02 
3.58 3.15 0.43 3.80 3.56 | 0.24 


If sphingomyelin can exist in tissues in both an esterified and 
an unesterified form, the use of Thannhauser’s factor of 0.788 for 
the calculation of sphingomyelin reineckate as sphingomyelin 
may not be justified. This factor, obtained empirically by Thann- 
hauser, corresponds closely to the theoretical factor (0.789) for the 
unesterified compound. The theoretical factor for the esterified 
form is 0.828. Consequéntly the correct factor for use would 
lie between 0.788 and 0.828, depending on the relative amounts of 
the two forms of sphingomyelin present in the tissue. 

It can be seen then that the values given above for sphingomye- 
lin, calculated from the factor 0.788, must represent minimum 











422 Tumor Sphingomyelin 


amounts of this lipid in the tissue; similarly the values for the phos- 
phorus content of sphingomyelin given in Table III, having been 
-alculated from these minimum amounts of sphingomyelin, must 
represent maximum percentages. 

The wide range in values for percentage of phosphorus in the 
sphingomyelin of the periphery as well as in the values for the cen- 
tral tissue is undoubtedly due to the fact that an absolute separa- 
tion of these two kinds of tissue cannot be obtained. 

Rate of Turnover of Sphingomyelin. Radioactive Phosphorus by 
Stomach Tube (Series I)—In Fig. 1 is shown the percentage of 
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Fic. 1. The percentage of the administered activity per gm. of tumor 
sphingomyelin at various times after oral administration of disodium hydro- 
gen phosphate containing radioactive phosphorus to tumor-bearing rats 
(Series I). The curve has been placed by inspection. 


administered activity found as tumor sphingomyelin at various 
times from 10 hours to 6 days after administration of the radioac- 
tive phosphate solution by stomach tube to tumor-bearing rats. 
Comparison of these results with those already published for the 
lecithin and cephalin fractions of this tumor (8) shows that a close 
similarity exists in the uptake of radioactive phosphorus by these 
three lipids. The amount of phosphorus replaced in sphingo- 
myelin in a given time is comparable to that replaced in the other 
two lipids. Also, the time of maximum activity is approximately 
the same, sphingomyelin being somewhat more like cephalin than 
lecithin. Similarly, Chargaff et al. (3) have reported a cephalin- 
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like turnover for brain sphingomyelin. While sphingomyelin, 
as Hunter has shown (9), is responsible for but a small part of the 
phospholipid phosphorus metabolism in the liver, the sphingomye- 
lin of this tumor plays a large part in its phospholipid metabolism. 

Radioactive Phosphorus Subcutaneously (Series 11)—When radio- 
active phosphate solution is given by stomach tube, the differing 
rates of absorption for each animal become an additional variable. 
In order to rule out this variable, the phosphate solution was ad- 
ministered subcutaneously to the animals in Series II. In Table 


TaBLe IV 
Per Cent of Administered Activity per Gm. of Sphingomyelin from Peripheral 
and Central Tumor Tissue at Various Times after Administration of 
Radioactive Phosphorus 








Pda A | — el Ee a Petimie | | Central tissue 

Are. hrs. 

6 4.7 2.4 34 7.3 5.2 
6 16 | 36 | 42 | $s | 4.6 
6 36 | 36 | 42 | 92 | 5.3 
12 111.3 2.9 | 50 , £4 3.9 
12 5.5 4 50 6.9 4.9 
18 5.7 ss 50 a 4.6 
18 6.0 3.1 60 7.1 5.8 
24 6.5 4.1 60 7.5 | 4.7 
24 7.6 4.3 72 72 21 4.4 
24 8.2 4.8 72 7.9 7.3 
34 6.8 3.7 06 7.4 6.1 
34 5.6 4.2 


IV are shown the values obtained on sphingomyelin isolated from 
the periphery and from the center of twenty-four tumors. Again 
the fact that an absolute separation of peripheral and central 
tissue could not be obtained accounts for the range in values on 
each tissue. It will be noted that in each case the value for the 
center is lower than that for the corresponding periphery. This 
difference can be accounted for by the better blood supply to the 
periphery and the fact that this tissue is actively growing. 

The values for activities of peripheral and central sphingomyelin 
of each tumor (Table IV) have been combined and, together with 
data from five additional tumors, are presented in Fig. 2. Com- 
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parison of Fig. 1 and Fig. 2 reveals that, in general, the values in 
Fig. 2 are higher than those at corresponding times in Fig, 1. 
Moreover when the radioactive phosphorus is administered sub- 
cutaneously, there is no pronounced peak in activity; in fact, the 
values at 42 hours (the time when activity is greatest after ad- 
ministration by stomach tube) are lower in Fig. 2 than in Fig. 1. 
These discrepancies must be due to a different distribution of the 
isotope when administered by the two methods. On the one 
hand, when administered orally, the radioactive phosphorus is 
transported first to the liver via the portal circulation from the 
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Fic. 2. The percentage of the administered activity per gm. of tumor 
sphingomyelin at various times after subcutaneous administration of di- 
sodium hydrogen phosphate containing radioactive phosphorus to tumor- 
bearing rats (Series II). The curve has been placed by inspection. 


intestine; on the other hand, when administered subcutaneously, 
the radioactive isotope is distributed over the body by the svstemic 


blood. 


SUMMARY 


1. Sphingomyelin has been found to occur in rat Carcinosarcoma 
256 to the extent of about 0.3 per cent of the wet weight; there is 
slightly more of this lipid in the less actively growing center of 
the tumor than in the actively growing periphery. 

2. Sphingomyelin isolated from the periphery of the tumor con- 
tains a higher percentage of phosphorus than that isolated from 
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the center; this fact may indicate that this lipid occurs in the esteri- 
fied form in the center of the tumor. 

3. The incorporation of radioactive phosphorus into tumor 
sphingomyelin is greatest at 42 hours after administration of the 
isotope by stomach tube, while the activity after subcutaneous 
administration exhibits no such maximum. The activities are in 
general higher after subcutaneous than after oral administration. 

!. Tumor sphingomyelin plays as important a réle in phospho- 
lipid phosphorus metabolism as do lecithin and cephalin. 
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DISTRIBUTION AND EXCRETION STUDIES IN THE RAT 
AFTER A SINGLE SUBTOXIC SUBCUTANEOUS 
INJECTION OF SODIUM SELENATE 
CONTAINING RADIOSELENIUM* 


By KENNETH P. McCONNELL 
(From the Department of Radiology, School of Medicine and Dentistry, The 


University of Rochester, and the Strong Memorial Hospital, Rochester, 
New York) 


(Received for publication, August 14, 1941) 


Previous investigators (1-4) have demonstrated a wide but 
varied distribution of selenium in animal tissues by feeding and 
injection of single and multiple, minimal, subtoxic, and toxic doses 
of both inorganic and organic forms. Their work has been ex- 
tended by the utilization of the radioactive isotope of selenium 
as a tagged atom. With the use of radioselenium which has ad- 
vantages of a half life of 50 days with a specific y-ray emission of 
0.5 and 0.21 m.e.v. (5) micro selenium determinations have been 
made with far greater precision than would have been possible 
by any known chemical analytical procedure. The extreme sen- 
sitivity of the method has made possible not only quantitative 
detection of traces of the metal but a study of time-distribution 
differences of exceedingly small amounts. This has enabled the 
investigator to study the mechanism of excretion accurately, as 
well as the exchange of selenium from one tissue to another. By 
means Of this anomalous method, it was the plan of the experiments 
presented here to make a thorough time-distribution and excretion 
study in the rat after a single injection of sodium selenate containing 
radioselenium. 

Method 

Sodium selenate containing radioselenium was injected sub- 

cutaneously into twenty-five young, adult, male, stock, albino 


* This study was supported in part by a grant-in-aid from the Rockefeller 
Foundation. 
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rats, thirteen of which at the time of selenium injection bore small 
implanted, transplanted, 3 week-old tumors of Carcinosarcoma 256 
in the groin. Each rat received a single, subcutaneous dose of 
().28 to 0.72 mg. of selenium as sodium selenate. The animals were 
placed in metabolism cages designed for separate collection of urine 
and feces (6). Food (Purina Chow) and water were administered 
ad libitum. The rats were killed by decapitation at various time 
intervals up to 96 hours, and the radioactivity of the tissue deter- 
mined. The red blood cells and plasma were separated in the usual 
manner by centrifugation, and the cells were washed twice with 
isotonic saline and the washings added to the plasma fractions. 

Radioselenium was produced in the Department of Physics of 
The University of Rochester by Dr. Van Voorhis and his group 
by bombarding arsenic-iron alloy in the cyclotron with high speed 
protons. The equation for the formation of radioselenium is as 


follows: 
As;} + H} — Sei} + Nj 


Radioselenium decays through K electron capture, emitting two 
quantum y-rays with the formation of stable Asi? (5). 

It was necessary to separate radioselenium from iron, arsenic, 
and various substances resulting from the bombardment of the 
arsenic alloy. The radioactive sample was placed in 25 ee. of 
chilled, concentrated sulfuric acid to which were added 100 cc. of 
5 per cent bromine and 48 per cent hydrobromie acid solution which 
contained a known amount of non-radioselenium to act as a carrier 
for the radioselenitum. The mixture was then distilled in an all- 
glass distilling apparatus, and the selenium recovered from the 
distillate by reducing the selenium bromide with sulfur dioxide. 
This mixture of radioselenium and a known amount of non-radio- 
selenium afforded the starting material for the synthesis of sodium 
selenate. A modification of Gilbertson and King’s method for 
the synthesis of selenic acid was used (7). Selenic acid was ob- 
tained as a very viscous, colorless liquid which was diluted with 
water and titrated against standard alkali with phenolphthalein 
as an indicator to form sodium selenate. The titration of four 
samples showed that 98.8, 104.5, 95, and 96 per cent of the selenium 
was converted to selenic acid. Qualitative tests show that selenic 
acid was formed. 
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The wet ashing technique with concentrated nitric acid followed 
with 30 per cent hydrogen peroxide was used to prepare the tis- 
sues for radioactive measurements. These were made on a Geiger- 
Miiller counter according to the method described by Bale, Haven, 
and LeFevre (8). A recovery study was made. A known amount 
of radioselenium was added as sodium selenate to various tissues 
which were wet ashed, and the radioactivity determined. The re- 


TABLE | 
Recovery of Selenium Added to Tissues 

The average nel count represents the average count per minute (minus 
background) obtained from three 5 minute determinations which were made 
ona Geiger-Miiller counter of a scale-of-four. Values for the original stand- 
ard were obtained from an aliquot of sodium selenate containing radio- 
selenium. Fora control, an equivalent amount of radioselenium was added 
to the amounts of HNO; and H,O, that were used for ashing tissues and then 
carried through all the experimental steps. An equivalent amount of 
radioselenium was then added to various tissues which were wet ashed and 
the radioactivity determined. 














Tina aveaget | some 
Original standard cabs 15.1 | 0.73 
Control (with all steps through the reagents)... | 14.7 1.40 
4 gm. normal liver + same amount standard. . 16.2 1.23 
— ” wie Ms ” <s e 14.9 2.00 
2 “ bone + same amount standard. ..........| 15.7 0.40 
1.5 gm. kidney + same amount standard....... 17.0 | 0.57 


5 ec. whole blood + same amount standard... 16.6 0.63 








*0.5 gm. of HgO was added to investigate whether HgO prevented the 
loss of selenium in the ashing method used. HgO does not increase the 
recovery of selenium. 


sults in Table I show that added selenium can be quantitatively 
recovered within the limits of the counting technique used. 


DISCUSSION 


In Figs. 1 to 4, radioactivity for the various tissues is expressed 
as the per cent of the dose per gm. of tissue; for whole blood, cells, 
and plasma as per cent of the dose per ce.; and for urine and feces 
as per cent of the dose. The whole blood (Fig. 1) reaches a maxi- 
mum concentration around the first quarter hour, followed by a 
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rapid decrease in concentration for the first 24 hours, and then a 
slower decrease over the second and third 24 hour periods. When 
the percentage of the dose for whole blood! was calculated for the 
total blood of the animal, it was found that 6.4 per cent of the origi- 
nal dose was in the blood at the first quarter hour, whereas at the 
4, 2, 12, and 24 hour periods the percentages were 5.6, 4.7, 2.6, 


WHOLE BLOOD 





PLASMA, RED BLOOD CELLS 











\2 

HOURS 
Fic. 1. Time-distribution of selenium in whole blood, plasma, and red 

blood cells after injection of sodium selenate. Each circle represents an 


individual experiment. 


and 1.7 respectively. Examination of Fig. 1 reveals that } hour 
after injection, the ratio of selenium in plasma and red blood cells 
is approximately 6.2:1.0, and at the 2nd hour is 3.2:1.0. At 
some time between the 2nd and 6th hours, the ratio is 1:1, while 
at the 6, 12, 24, and 48 hour periods the ratios are 1:2, 1:2.8, 


' Total blood volumes were calculated from body weights by means of 
the conversion tables given by Donaldson (9). 
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1:1.7, and 1:1.7 respectively. It is apparent therefore that 
selenium first appears in the blood in greater amounts in the 
plasma than in the red blood cells, and is removed from the plasma 
faster than from the red blood cells. It would appear from the 
data (Fig. 1) that the rate of deposition of selenium in red blood 
cells was more rapid than the rate of elimination, and that a cer- 
tain amount of fixation of selenium occurs. Further studies on 


% DOSE 
PER GM. 


LIVER 








mm | KIDNEY 






08 tp 

4 

’ 

7 
0.0 Oo 
GASTRO-INTESTINAL TRACT & CONTENTS 

0.4 fF 


8 6 


i 
—— é 12 sours —~ Se 


Fic. 2. Time-distribution of selenium in various tissues after injection 











of sodium selenate. 


the fractions of plasma and red blood cells are being carried out 
in order to identify the selenium-carrying portions. 

The concentration of selenium rises to a higher level in the liver 
than that found in any other organ under the conditions of the 
experiment. The results in Fig. 2 expressed as percentages of the 
dose per gm. of liver show that the maximum concentration of 
selenium in the liver occurs at the 2nd hour shortly after the maxi- 
mum in the whole blood. There was a faster rate of elimination 
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during the first 24 hours than at any time during the second, third, 
and fourth 24 hours. Calculated on the basis of per cent of the 
original dose per organ, 6.1, 18.9, 5, and 2.5 per cent were found 
in the liver at 3, 2, 12, and 24 hours, respectively. In the kidney, 
as in the liver, a maximum concentration was reached at the 2nd 
hour, followed by a more rapid decrease during the remainder of 
the first 24 hours than during the following 24 hour periods. At 
the $, 2, 12, and 24 hour periods, the percentage of dose per organ 
was 1.2, 4.2, 1.3, and 0.9, respectively. Peak concentrations in 
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Pia. 3. Exeretion of selenium in urine and feces after injection of sodium 


selenate. Each bar represents an individual experiment, and the urine 
values include bladder urine. 


the liver, kidney, and gastrointestinal tract are the highest of all 
the tissues examined, and it is reasonable to believe that these 
tissues are more vulnerable to injury than any other tissues studied. 
The smaller concentrations, as found in the lung, heart, etc., ap- 
parently cause little damage there. This is borne out by histologi- 
cal observations made by us* which are essentially a confirmation 
of the findings of several investigators as reviewed by Stenn (10). 
The kidney secretes selenium in the urine at a faster rate during 
the first 24 hours than during the following two 24 hour periods 
(Fig. 3), for during the first 24 hours, 40 per cent of the original 
dose appeared in the urine, while during the second, third, and 
fourth 24 hours, 3.4, 1.5, and 1.1 per cent, respectively, of the origi- 


2? Warren, 8. L., and McConnell, K. P., unpublished data. 
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nal dose was excreted. There was no apparent relationship be- 
tween the concentration in the kidney and the excretion of sele- 
nium in the urine. 

Urine from an animal that had been injected subcutaneously 
with NasSeO, was collected under mineral oil. The radioactivity 
of an aliquot of collected urine was compared with that of three 
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Fic. 4. Time-distribution of selenium in various tissues, including the 
rat tumor, Carcinosarcoma 256, after injection of sodium selenate. 


aliquots that had been evaporated to dryness on a steam Lath, 
The aliquot not evaporated had a count of 83.5, while the three 
equal aliquots that had been evaporated to dryness had counts of 
80.0, 81.0, and 77.0, respectively. It follows that selenium in the 
urine was non-volatile at steam bath temperature. Three por- 
tions of urine collected as indieated above were treated as follows: 
one was made acid with sulfuric acid, one was made basic with 
NaOH, and the third was untreated (pH 5.8). The three frac- 
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tions were extracted repeatedly with ether. The ether fractions 
were washed with water and subsequently dried with (NH,4).S0,. 
The ether fractions were then evaporated to dryness and the re- 
sidual material taken up in concentrated HNO; and the radio- 
activity determined. The results in Table II show that selenium 
was not in an ether-soluble form whether the urine was acidic. 
basic, or normal, indicating that selenium was excreted during the 
first 24 hours in an inorganic form.* 

As shown in Fig. 2, the per cent dose per gm. of gastrointestinal 
tract (both tissue and contents) increases up to the 2nd hour, after 
which a steady decrease takes place until the 48th hour, after 
which only traces are present up to the 96th hour. On the basis 
of percentage dose per whole organ at 5, 2, 12, and 24 hours, the 


TABLE II 
Rat Urine Studies after Injection of Selenium 
Counts (average of three)* 


Urine sample 


Ether fraction HOH fraction 
Untreated, extracted 0.0 132.5 
Acid 0.0 127.5 
Basic. 0.0 131.5 
Whole, not extracted 133.5 


* Made on a Geiger-Miiller counter 


percentages are 5.6, 10.3, 5.7, and 1.5, respectively. Excretion 
of selenium by way of the gastrointestinal tract was far less than 
by way of the kidney. The per cent dose of selenium in the feces 
(Fig. 3) was greater during the first 24 hours than during the fol- 
lowing 24 hour period. 3 to 6 per cent of the dose appeared in 
the feces during the first 24 hours, while only 1 to 3 per cent was 
found during the second 24 hours. The lung reaches a peak con- 
centration soon after injection (Fig. 4), namely at } hour, after 
which a steady decrease appears for the ensuing 72 hours. At 


3 Since this paper was prepared for publication, Westfall and Smith (11) 
have reported in urinary selenium studies in rabbits that 85 per cent of the 
urinary selenium excreted in 24 hours was in the BaSQ,-ethyl alcohol frae- 
tion, which is further evidence that selenium when administered as Na.SeQ, 
is excreted in the urine as inorganic selenate 
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4 hour the lung has a value of 0.57 per cent, calculated on the 
basis of per cent dose per organ. 

The peak concentration appeared in the spleen at } hour and in 
the heart at 2 hours. The rate of deposition of selenium for heart 
and spleen as well as for other viscera was much more rapid than 
the rate of elimination. Expressed as per cent dose per organ 
at 4 hour, the concentration in the spleen was 0.14 per cent, while 
it was 0.53 per cent for the heart at 2 hours. Tumor tissue (from 
Carcinosarcoma 256) absorbs selenium in small but significant 
amounts, 1.2 per cent of the dose being found in the entire tumor 
at 3 hour. 

The total body musculature was calculated from body weights 
by means of conversion tables by Donaldson (9). Counts for 
muscle were obtained on the gastrocnemius muscle. The per cent 
dose per total body musculature at }, 2, 6, 12, and 48 hours was 
found to be 8.2, 10.0, 2.6, 2.3, and 1.2 per cent respectively. The 
testes and brain at various time intervals from 2 to 72 hours had 
at the most only traces of selenium. The fur was removed by 
means of clippers from the skin of three animals that had previously 
been injected subcutaneously with Na»SeO,. 24 hours after injec- 
tion no radioselenium could be detected in either the skin or fur.‘ 

The teeth (incisors) and long bones for the 24 hour period were 
crushed, dissolved separately in 6 N HCl, and made up to volume 
for radioactive determinations by Doctor Volker of the Dental 
Research group. Results show that radioselenium was not present 
in either tooth or bone substance at the 24 hour period. 

The possibility that the concentration of selenium in tissues 
with trace amounts of selenium (brain, testes, ete.) may be due 
in part to the presence of selenized blood has, of course, not been 
overlooked. However, in such tissues as liver, kidney, muscle, 
and gastrointestinal tract in which the concentration of selenium 
far exceeds that which might be accounted for by the presence of 
selenized blood, the greater part of the selenium present is unques- 
tionably absorbed selenium. Hence, after subcutaneous injection 
of subtoxic amounts of sodium selenate, selenium enters the blood 
stream, from which rapid selective absorption by various tissues 


* The method of Robinson et al. (12) for the isolation of selenium from 
biological material was used. 10 mg. of added non-radioselenium acted as 
a carrier for radioselenium. 
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takes place followed by a slow elimination into the blood stream 
with subsequent excretion chiefly by way of the kidney. 


SUMMARY 


With radioselenium as a tagged atom, it has been possible to 
determine the distribution and excretion of a single, subtoxie, 
subcutaneous injection of sodium selenate at various periods up 
to 96 hours, and to compare quantitatively peak concentrations 
of selenium in the various tissues including tumor Carcinosarcoma 
256 of the white rat. 

A wide but varied distribution of selenium was found in the tis- 
sues examined. Only a small percentage of the original dose was 
found in any of the tissues at any one time, the highest average 
concentration, 19 per cent, being found in the liver. The greatest 
concentration appeared in liver, muscle (total), gastrointestinal 
tract, and blood; lesser amounts in lung, spleen, heart, and tumor; 
and traces in brain and testes. None was found after 24 hours in 
skin, fur, teeth, or long bones. The maximum concentration for 
individual tissues appeared in blood and lung before appearing in 
liver, kidney, and gastrointestinal tract. Small amounts of sele- 
nium of the magnitude of 1 per cent were deposited in rat tumor, 
Carecinosarcoma 256. 

A rapid rate of deposition of small amounts of selenium within 
a few hours after injection followed by a prolonged, less rapid rate 
of elimination was characteristic of most tissues. 

Within the first half hour (the time at’which the greatest con- 
centration of selenium was found in blood), it appeared in greater 
concentration in the plasma than in the red blood cells. Following 
this, the concentration in blood was diminished, owing to the fact 
that the concentration decreases more rapidly in plasma than it 
increases in red blood cells. After the 3rd hour, the concentration 
in the red blood cells exceeded that found in the plasma. 

Selenium was excreted chiefly by way of the kidney in a non- 
volatile, ether-insoluble form, and to a lesser extent by way of the 
gastrointestinal tract. 41 to 43 per cent of the original dose 
appeared in the urine, while only 3 to 6 per cent was found in the 
feces during the first 24 hour period. Much smaller amounts of 
selenium appeared in both urine and feces during the second and 
ensuing two 24 hour periods. 
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CARBON DIOXIDE UTILIZATION BY PIGEON LIVER* 


By Ek. A. EVANS, Jr., anp LOUIS SLOTIN 
(From the Department of Biochemistry of the University of Chicago, Chicago) 


(Received for publication, August 16, 1941) 


Direct experimental evidence that carbon dioxide is used in the 
formation of a-ketoglutaric acid from pyruvic acid by a suspension 
of minced pigeon liver has been previously outlined (1, 2). The 
present report comprises a detailed description of this reaction and 
of the process of carbon dioxide assimilation by pigeon liver. The 
principal facts found are: (1) a-Ketoglutaric acid synthesized 
from pyruvic acid in a radioactive bicarbonate medium contains 
radioactive carbon. (2) On the average about 5 to 10 per cent 
of the total radioactivity of the system can be accounted for by 
the isolated a-ketoglutaric acid. (3) All of the radioactive carbon 
in the a-ketoglutaric acid is present in the carboxyl group a to 
the ketonic oxygen. (4) The addition of citric acid to the system 
during the synthesis of a-ketoglutarate from pyruvate causes no 
change in the ratio of activity per mg. of carbon of the a-keto- 
glutarate to that of the medium. (5) Only about 25 per cent of 
the assimilated carbon dioxide can be accounted for as a-ketoglu- 
taricacid. (6) A part of this residual (non-a-ketoglutarate) radio- 
activity can be released as carbon dioxide by treatment with nin- 
hydrin and with chloramine-T. (7) An assimilation of CO, 
similar to that in liver does not occur in the formation of a-keto- 
glutarate by minced pigeon muscle. 

Preparation of C“'O.—Radioactive C" was prepared by the 
bombardment of amorphous boron with 8.5 m.e.v. deuterons in 
the Chicago cyclotron, the reaction being, 


B® + ,D? > .C" + gn! 


* Aided in part by grants from the John and Mary R. Markle Foundation 
and from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the 
University of Chieago. 
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After bombardment, the boron was mixed with twice its weight 
of powdered CuO and heated at 900° in a stream of oxygen in a 
quartz combustion tube. The CO, was frozen out over 0.1 ml. 
of N NaOH contained in a glass trap immersed in liquid nitrogen. 
The small quantity of alkaline solution containing the radioactive 
carbon was transferred quantitatively to the experimental vessel 
which contained from 50 to 100 ml. of Krebs’ saline-bicarbonate 
medium, previously equilibrated with 95 per cent oxygen, 5 per 
cent CO,. The introduction of the small quantity of carbonate 
containing the radioactive carbon caused no appreciable change 
in the pH or ionic concentration of the medium. The time required 
for these operations, from the removal of the target from the cyelo- 
tron to the introduction of the radioactive carbonate into the 
experimental solution, was about 15 minutes. More than 95 
per cent of the radioactivity of the target material could be re- 
covered as C"QO, and the addition of C'’ as a carrier was not neces- 
sary. The activity was sufficient to permit a working period of 
3.5 to 4 hours, despite the short half life of the radioactive carbon 
and dilution of the carbon dioxide in the course of the experiment. 

Measurement of Radioactivity— Activities (expressed as divisions 
per second) were measured with a Lauritsen electroscope. To 
make the readings comparable and to correct for self-absorption 
all measurements were made in solution and under identical 
geometrical conditions. In every case the unknown was dissolved 
in 0.5 ml. of either water or alkali. Duplicate samples could be 
read with an error of less than 2 per cent. In Tables I to IV, 
values for radioactivity have been corrected for decay and are 
comparable within a given experiment. 

Distribution of Radioactive Carbon Dioxide in Bicarbonate Medium 

The method of experimentation consisted in shaking the minced 
tissue in Krebs’ Ca-free saline medium, pH 7.4, in an atmosphere 
of 95 per cent oxygen, 5 per cent CO». It was desirable to know, 
therefore, how rapidly the radioactivity is distributed between 
the gas and liquid phases of the experimental system after its 
addition as radioactive carbonate. Experiments to answer this 
question were devised as follows: 50 ml. of the bicarbonate buffer, 
pH 7.4, to which has been added 0.3 ml. of radioactive carbonate 
were shaken in an atmosphere of 95 per cent oxygen, 5 per cent 
CO. in an experimental vessel having a volume of 203 ml. At 
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intervals during the shaking 0.5 ce. portions of the liquid phase 
were withdrawn by means of a calibrated syringe through the 
rubber stopper which closed the shaking vessel, immediately mixed 
with a known volume of strong alkali by way of a 2-way stop-cock 
inserted in the syringe barrel, and an aliquot of this solution was 
used for radioactivity measurements. The same procedure was 
adopted in similar experiments in which 7.6 gm. of freshly minced 
pigeon breast muscle were added. Fig. 1 depicts two such ex- 
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Fig. 1. Exchange rate of radioactive CO, between liquid and gas phases, 


in bicarbonate medium. 


periments carried out at 25° and 40° respectively. At 25° com- 
plete equilibrium is attained 23 minutes after the addition of the 
radioactive carbonate, while at 40° equilibrium is reached in 14 
minutes. It will be noted that at neither temperature does the 
presence of tissue markedly influence the rate of attainment of 
equilibrium. 

Utilization of CO, in a-Ketoglutarate Synthesis—The experi- 
mental procedure was as follows: 100 ml. of Ca-free Krebs’ bi- 
carbonate-saline were shaken at 40° for 10 minutes while a vigorous 
stream of 95 per cent oxygen, 5 per cent CO, was bubbled through 
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the solution. The radioactive carbonate (0.3 ml.) was added to- 
gether with 1.7 ml. of 0.1 m malonate (3) and the experimental 
vessel closed and shaken for 15 minutes. 7-6 gm. of freshly minced 
pigeon liver were next added together with 10 ml. of 0.2 M pyruvate. 
The vessel was closed and shaken for a few minutes and 0.5 ml. 
of the suspension was withdrawn for a determination of the total 
original activity of the solution. The reaction was then let proceed 
while the closed vessel was shaken vigorously for 40 minutes. At 
the end of this time practically all of the pyruvate had been utilized. 
Three 0.5 ec. samples were withdrawn from the solution. One 
of these was mixed immediately with strong alkali and measured 
for total radioactivity. The second sample was pipetted immedi- 
ately into 3 cc. of 2N NaOH contained in Warburg vessels and, 
after acidification, the quantity of CO, determined manometrically, 
The third aliquot was pipetted into an alkaline solution, acidified, 
and the liberated CO, swept over by a stream of nitrogen into an 
absorbing tube containing 5 ml. of 20 per cent KOH. An aliquot 
of this was removed to determine the radioactivity of the liberated 
CO,. These determinations permit a measure of the amount and 
radioactivity of the total COQ, of the medium at the end of the 
experimental period. 

After removal of these samples, the reaction mixture was de- 
proteinized with 25 ml. of 10 per cent metaphosphorie acid. The 
volume of the filtrate was measured and two 5 ce. aliquots were 
removed for simultaneous determinations of a-ketoglutarate and 
succinate as described by Krebs and Johnson (4). 25 mg. of 
a-ketoglutaric acid were added to the remaining filtrate to act 
as a carrier and the solution mixed in centrifuge cups with an equal 
volume of a saturated solution of 2 ,4-dinitrophenylhydrazine in 2 
percent HCl. The hydrazone separated immediately and was col- 
lected by centrifuging. The precipitate was dissolved in boiling 60 
per cent alcohol and the solution filtered into centrifuge tubes con- 
tained in an ice bath. The hydrazone crystallized quickly and was 
collected by centrifuging and dried in vacuo at 100°. The precipi- 
tate was weighed and dissolved in 0.5 ml. of 2 N NaOH for measure- 
ment of its radioactivity. The hydrazone melted at 223° and 
gave no depression of the melting point when mixed with a known 
sample. 

On recrystallization the hydrazone gave material with a con- 
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stant rate of decay per mg. (Experiment 3, Table J), indicating 
the identity of the radioactivity with the a-ketoglutarate dinitro- 
phenylhydrazone. © ~~ 

Control experiments in the absence of tissue were carried out 
in which amounts of pyruvic acid and a-ketoglutaric acid, com- 
parable to those used in the tissue experiments, were shaken for 
40 minutes at 40° in a radioactive bicarbonate buffer, pH 7.4. 
The dinitrophenylhydrazones of the keto acids were isolated and 
found to be completely devoid of radioactivity. 

It is theoretically possible to ascertain the number of moles of 
CO, used per mole of a-ketoglutarate synthesized by a com- 


TABLE | 
Synthesis of a-Ketoglutarate in Radioactive Bicarbonate Medium 


The activities are expressed as divisions per second. 


Ratio, 


Activity of | Terminal Ratio, a- : 
Expe a-Keto- a-ketoglutarate Total | activity of | ketoglutar- — ‘ 
xpe yy glutarate activity | medium | ate activity | = Crea. 
No synthe- of per mg. to original |, :: te tre 
ame sized ae Per mg. medium | inorganic | activity of | gee ail 
Potal Cc Cc medium | = activity 
3 nediu per mg. C 
mg. | 
l 31.4 0.471 | 0.036 | 8.74 0.078 | 0.054 | 2.0 
2 27.5 1.09 0.362  * eee 0.061 3.1 
3 55.0 | 3.85 | 0.171 | 79.8 | 1.17 0.048 | 6.9 
0.161* | | 
0.178* | 


* Activities after successive recrystallizations of a-ketoglutarate 
dinitrophenylhydrazone. 


parison of the radioactivity per mg. of carbon of the a-keto- 
glutarate at any given moment with the radioactivity per mg. 
of carbon of the inorganic carbon of the medium. Under the 
experimental conditions used, however, any such comparison is 
complicated by the continuous metabolic production of large 
amounts of non-radioactive CO, during the course of the experi- 
ments, the assimilation of CO, in reactions other than a-ketoglu- 
tarate synthesis, the length of time required for a uniform distri- 
bution of radioactive carbon between liquid and gas phases, and 
the possible preferential synthetic utilization of non-radioactive 
carbon dioxide which is produced in the tissue in the immediate 
vicinity of the synthesizing enzyme systems. 
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Quantitative data from a series of experiments are shown in 
TableI. Ina typical experiment such as No. 3, the original radio- 
activity was 88 divisions per second for 60 mg. of CO, in the liquid 
and 14 mg. of CO, in the gas phase. During the 40 minutes of 
the experiment about 80 mg. of metabolic CO, were formed (3), 
Assuming no assimilation of CO., this would reduce the radioac- 
tivity of the medium to 2.09 divisions per second per mg. of carbon. 
Utilization of CO, occurs, however, as evidenced by the terminal 
activity of the medium being 1.17 divisions per second per mg. 
of carbon. Almost half of the activity originally present as car- 
bonate has been converted into a bound form not liberated by 
acid. If the average activity of a-ketoglutaric acid is calculated 
on the basis of a constant rate of synthesis in a medium having 
an initial activity of 2.09 divisions per second per mg. of inorganic 
carbon and a final activity of 1.17 divisions, an average value for 
the acid of 1.63 divisions per second is obtained. The observed 
value for Experiment 3 is 0.171. On the basis of this very approxi- 
mate calculation about 1 carbon atom in 10 of the synthesized 
a-ketoglutarate is derived from the medium. The experiments 
of the next section demonstrate that the number of carbon atoms 
of the a-ketoglutarate derived from the medium cannot exceed 
lin 5. Since calculation of the 1 in 10 value is approximate and 
can indicate only the order of magnitude of the synthesis, it is 
probable that 1 mole of COs, is derived from the medium for every 
mole of a-ketoglutarate synthesized. 

Location of Radioactivity in Synthesized a-Ketoglutaric Acid' 
When the radioactive a-ketoglutarate dinitrophenylhydrazone 
obtained in the previous experiments is oxidized with potassium 
permanganate in acid medium at room temperature, a complete 
loss of radioactivity in the form of CO, occurs. In the experiments 
of Table II the hydrazone was dissolved in 5 cc. of dilute alkali, 
the solution acidified with 3 cc. of 50 per cent HSO,, 10 ml. of 
saturated KMnQ, added, and the resulting CO. swept over by 
Nz into a receiver containing 3 ml. of 5 nN NaOH. 


' A summary of the data in this section was reported (2) at the Sympo- 
sium on Carbohydrate Metabolism held April 18, 1941, at the meeting of the 
American Society of Biological Chemists at Chicago. Wood, Werkman, 
Hemingway, and Nier (5) have independently obtained similar results using 


the carbon isotope C'™ 
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If a-ketoglutaric acid was synthesized in pigeon liver by the 
reactions of the citric acid cycle (1), the intermediate formation of 
the symmetrical citric acid molecule would occur. On oxidation 
this would yield a mixture of a-ketoglutaric acid molecules in half 
of which the radioactive carbon was a and in the other half y to 
the carbonyl group. On oxidation, such a mixture should give 
succinic acid with a loss of half the original radioactivity as carbon 


TABLE II 


Oxidation of Radioactive a-Ketoglutarate Dinitrophenylhydrazone to Succinic 
Acid and CO, 


The activities are expressed as divisions per second. 


Activity of COs 





| . sin 
| a-Ketoglutarate dini- | 


Experiment No. | trophenylhydrazone | Activity | liberated on oxidation 
— — — | - ee 
mg. | 
l 55.0 0.23 0.20 
2 47.9 0.35 0.33 


en 40.0 | 0.18 | 0.20 


Tasie III 
Effect of Sodium Citrate on Radioactivity of Synthesized a-Keloglutaric Acid 


The activities are expressed as divisions per second. 


| 





Experiment No. Citrate added oo | mete ——— 
a — — nd - 
mg. mg. 
l 0 31.4 0.148 
25 28.8 | 0.113 
2 0 36.9 0.116 


25 | 39.8 0.116 


dioxide. The localization, however, of the entire radioactivity 
of the a-ketoglutarate in the carboxyl group adjacent to the car- 
bony! group as demonstrated in Table II is definite evidence against 
the suggested formation of this compound from citric acid. 

If citrate was an intermediate in the formation of a-ketoglutaric 
acid from pyruvate and COs, the addition of citrate to the synthe- 
sizing tissue would give rise, presumably, to a-ketoglutaric acid 
of which the radioactivity had been considerably diluted. How- 
ever, the experiments of Table III show that the addition of 25 
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mg. of sodium citrate affects neither the yield of a-ketoglutaric 
acid nor the ratio of activity per mg. of carbon of the a-ketogluta- 
rate to that of the medium. These experiments again support the 
view that citric acid is not an intermediate in the synthesis of 
a-ketoglutarate from pyruvic acid and CO, by liver under the 
conditions of these experiments. 

Non-a-Ketoglutaric Radioactivity and Its Nature—In Table IV 
data are listed which would indicate that the total amount of 
CO, assimilated is much greater than can be accounted for by 
the amount of a-ketoglutaric acid formed. In these experiments 
the deproteinized reaction mixture was divided into two parts, 
To one 25 mg. of a-ketoglutaric acid were added and the dinitro- 


TABLE IV 
Effect of Ninhydrin and Chloramine-T on Non-a-Ketoglutarate Radioactivity 
The activities are expressed as divisions per second. 


Potal activity Activity of 


Experiment | Keto. | Total activity | “of'medium | ¢Astivity of | COs released 

No. syr thesized lutarate after CO: by nit hydrin by chlora- 
(- j es removal ae mine-T 
mg. 

l | 35.0 5.18 31.8 7.8 

2 | 30.0 | 6.2 31.2 10.39 

3 53.0 | 1.2 4.2 0.78 

4 31.6 | Of | 0.929 0). 209 


phenylhydrazone isolated as previously described. A vigorous 
stream of CO, was bubbled through the other portion which was 
strongly acid. Samples were withdrawn from this solution at 
intervals until there was no further loss of activity. Under these 
circumstances it was found that the residual radioactivity was 
3 to 4 times greater than that of the synthesized a-ketoglutaric acid. 

Some indication as to the nature of this activity could be de- 
rived from the fact that on treatment with ninhydrin at boiling 
temperature (6) loss of radioactive CO, could be demonstrated. 
A similar reaction occurred with chloramine-T at 40° under the 
conditions described by Cohen (7). Here the radioactivity of 
the liberated CO. was about one-fourth of the total residual ac- 
tivity. Control experiments indicated that a-ketoglutaric acid 
was not decarboxylated by ninhydrin or chloramine-T under the 
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conditions of these tests. It is probable, therefore, that the ac- 
tivity released by these agents is present as a carboxyl group of 
amino acids. In view of the existence of the transaminating en- 
zymes in the liver such an amino acid as glutamic acid could 
be directly formed from the synthesized a-ketoglutarie acid and 
would liberate CO, under these conditions. Further examination 
of the compounds involved is being made. 

Synthesis of a-Ketoglutaric Acid in Muscle—In the preceding 
sections it has been assumed that the appearance of radioactivity 
in a-ketoglutaric acid indicates a direct synthetic utilization of 
carbon dioxide in the formation of this substance. It is possible, 
however, that the radioactivity could result by a simple process 
of exchange between an intermediate in the reaction and carbon 
dioxide of the medium. Current theories of the mechanism of for- 
mation of a-ketoglutarate in pigeon liver postulate an initial conden- 
sation of pyruvie acid and CO. to form oxalacetic acid (1, 5, 8). 
Oxalacetic acid is known to break down in the presence of tissue 
to CO, and pyruvie acid and it might be argued that any reac- 
tion involving this compound would yield a radioactive end- 
product if the reaction medium contained radioactive carbon 
dioxide. Experiments to control this possibility are difficult to 
conceive but a comparison of the radioactivity of the a-ketoglutaric 
acid synthesized in muscle with that formed in liver offers some 
evidence on this point. In muscle a-ketoglutaric acid is formed 
by the oxidation of citric acid resulting from a condensation of 
oxalacetic acid and pyruvic acid (9). A formation of oxalacetic 
acid from pyruvate and CQO, in this tissue does not occur, inasmuch 
as malonate will almost completely inhibit pyruvate utilization 
in the absence of added oxalacetic or other dicarboxylic acids 
(9). Under these circumstances the synthesis of muscle a-keto- 
glutarate in a radioactive bicarbonate medium would give rise 
to radioactive a-ketoglutarate only if a process of exchange between 
intermediates (such as oxalacetate) in the reaction and the carbo- 
nate of the medium took place. If the quantity of radioactivity 
found in muscle a-ketoglutarate were similar in magnitude to that 
found in the a-ketoglutarate synthesized by liver, it would elimi- 
nate the necessity for proposing a stoichiometric utilization of 
CO, in the latter process. 

In an experiment with 7.6 gm. of minced pigeon muscle in 50 
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mil. of radioactive bicarbonate medium, the addition of 4.0 ml. 
of 0.5 m pyruvate and 6.0 ml. of 0.1 m fumarate led to the synthesis 
of 55.5 mg. of a-ketoglutaric acid. The a-ketoglutarate isolated 
as the hydrazone as described above contained no appreciable 
amount of radioactivity. This strongly suggests again that the 
process of CO» assimilation in pigeon liver is a metabolic reaction 
representing a stoichiometric utilization of inorganic carbonate. 


DISCUSSION 

Carbon dioxide participates in a variety of synthetic reactions 
in the tissues of higher animals: in the formation of urea (10-12), of 
carbaminohemoglobin (13), in the synthesis of a-ketoglutarate 
from pyruvate in pigeon liver (1), and the formation of glycogen 
from lactic acid in the rat (14, 15). In the formation of urea, 
carbon dioxide is unquestionably used for synthetic purposes 
(7.e., the reaction involves an increase in free energy) and apparently 
the physiological objective of the reaction, to eliminate metabolic 
end-products, has distracted attention from its similarity to the 
assimilation of CO, by the lower organisms (16). The more re- 
cent demonstrations of the metabolic utilization of carbon dioxide 
involve reactions suggesting that carbon dioxide, once formed, 
is not necessarily eliminated as such but can reenter the metab- 
olism of the organism by several reaction paths to form a variety 
of tissue constituents. In such circumstances the exposure of the 
organism or cell to an environment containing radioactive carbon 
as CO, would lead to the presence of the tagged atoms in many 
of the compounds present in the tissue. If the appearance of 
radioactivity represented merely an exchange between the CO, 
of the medium and carboxyl groups of various organic acids, the 
use of radioactive CO, would not give any demonstration of a 
direct metabolic utilization of CO.. For the reasons outlined in 
the preceding sections of this paper such an explanation is regarded 
as unlikely for the appearance of radioactive carbon in a-keto- 
glutaric acid synthesized in pigeon liver and it is believed that 
COs: participates directly as a reactant in this synthesis. 

The mechanism by which carbon dioxide is utilized in a-keto- 
glutarate synthesis in pigeon liver is unknown. The mechanisms 
already suggested (1, 5, 8) postulate the preliminary formation 
of oxalacetic acid from carbon dioxide and pyruvic acid, a reaction 
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for which there is as yet no direct experimental evidence. The 
condensation of oxalacetic acid with pyruvate to yield citrate as 
an intermediate can be excluded on the basis of the data presented 
in the present paper. The intermediate formation of isocitrate 
(5) rather than citrate by condensation of oxalacetate and pyruvate 
likewise seems improbable in view of the demonstrated equilib- 
rium between citrate, isocitrate, and aconitic acid in most tis- 
sues (17). 
SUMMARY 


1. The synthesis of a-ketoglutarate from pyruvate by minced 
pigeon liver involves the direct participation of CO,. It is probable 
that 1 mole of CO, is utilized for each mole of a-ketoglutarate 
synthesized. 

2. The radioactivity of the a-ketoglutarate is confined entirely 
to the carboxyl group @ to the carbonyl group. This precludes 
the intermediate formation of citric acid, a conclusion further 
supported by experiments in which non-radioactive citrate was 
added to the tissue during the synthetic reaction. 

3. A maximum of 1 in 5 carbon atoms of the a-ketoglutarate 
is derived from the carbon dioxide of the medium. 

!. The synthesized a-ketoglutarate accounts for about one- 
fourth the assimilated CO,. Release of part of this residual ac- 
tivity as CO, by ninhydrin and chloramine-T suggests that it is 
present in part as amino acids or similar compounds. 

5. The formation of a-ketoglutarate in muscle does not involve 
the participation of carbon dioxide. 

6. Evidence is presented that the process of CO, assimilation 
in pigeon liver, as demonstrated by the use of radioactive C", 
s a metabolic reaction representing a stoichiometric utilization 


| inorganic carbonate. 
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A COLORIMETRIC OXIDATION-REDUCTION METHOD 
FOR THE DETERMINATION OF THE K VITAMINS* 
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Laboratory of Merck and Company, Inc., Rahway, New Jersey) 


(Received for publication, August 22, 1941) 


A colorimetric method for the determination of the K vitamins 
has been devised on the basis of the oxidation-reduction titrations 
reported by Trenner and Bacher (2). The method involves a 
catalytic reduction of the quinone in butanol solution in the 
presence of phenosafranine as the indicator. The resulting vita- 
min hydroquinone is then treated with an excess of a butanol 
solution of 2,6-dichloroindophenol in the absence of air. The 
diminution in the color of the indophenol is a measure of the 
quinone originally present. 

Reagents— 

Butanol-acetate solution. 500 mg. of reagent potassium acetate 
were dissolved in 50 ec. of water and the solution was diluted to 
1 liter with acid-free n-butanol. 

Phenosafranine. A stock solution containing 1 mg. of pheno- 
safranine (Eastman, No. 1125) per ec. of water was prepared. 
1 ce. of the aqueous solution was diluted to 100 ce. with n-butanol 
to give the reagent (10 y per cc.). 

Raney’s nickel. This was prepared according to Trenner and 
Bacher (2). 

2,6-Dichloroindophenol. A stock solution was prepared by 
shaking 50 mg. of the Eastman material (No. P-3463) for 15 to 
20 minutes in 100 ce. of butanol. The solution was filtered with 
suction through a dry filter paper. This stock solution, stored in 
a dark bottle in a refrigerator, was stable for at least 3 months. 


*This paper was presented before the meeting of the Federation of 
American Societies for Experimental Biology held at Chicago, April, 
1941 (1). 
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1 ee. of this stock solution was diluted to approximately 50 ee, 
with the butanol-acetate solution. 10 ec. of this solution plus § 
ec. of the butanol-acetate solution gave an absorption of 85 per 
cent in the Evelyn colorimeter with Filter 660, when pure butanol 
was used to indicate 100 per cent transmission. 

The variable amounts of salts, water, etc., in commercial sam- 
ples of 2,6-dichloroindophenol make it impossible to state the 
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Fic. 1. Curve 1 shows the absorption data obtained with a 0.04 mm 
butanol solution of the 2,6-dichloroindophenol sodium salt; Curve 2, the 
same in aqueous solution; Curve 5, the same in aqueous solution at pH 5 
After the aqueous solution of the indophenol sodium salt was extracted 
with an equal volume of butanol, the butanol phase gave the data shown in 
Curve 3, and the aqueous phase gave the data shown in Curve 4. E = log 


I/T. 


exact dilution of the stock solution. Different samples of the 
indophenol require slightly different dilution, which, however, 
may be followed colorimetrically. We have added the butanol- 
acetate solution until the reagent gave an absorption of exactly 
85 per cent. 

Filter 660 is used in the Evelyn colorimeter, since, as is shown 
in Fig. 1, maximum absorption of 2,6-dichloroindophenol is ob- 
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served at 670 mu when the dye is dissolved in butanol. Curve 1 
shows the absorption data obtained with a 0.04 mm butanol solu- 
tion of the indophenol sodium salt. This solution was titrated 
against 2-methyl-1 ,4-naphthohydroquinone according to Trenner 
and Bacher (2). Curve 2 shows the absorption data of a 0.04 
mM aqueous solution of the indophenol sodium salt. This solu- 
tion was titrated according to Lorenz and Arnold (3). Curve 5 
shows the absorption data of a 0.04 mM aqueous solution of the 
indophenol at pH 5. The depression of the absorption and the 
shift of the peaks from right to left presumably correspond to the 
degree of hydrolysis of the indophenol sodium salt. Thus, butanol 
solutions of the indophenol, in contrast to aqueous solutions, are 
not only more stable, but exhibit greater spectral purity and show 
an optical density twice that of equivalent aqueous solutions. 

The test is applicable to solutions containing 2 to 10 y of 2- 
methyl-1 ,4-naphthoquinone per cc. The colorimeter was cali- 
brated against this material, since it is a crystalline solid and is 
more stable to light than vitamin K;. The values are multiplied 
by 2.615 in order to convert them stoichiometrically to vitamin 
K;. No attempt is made to differentiate vitamins kK; and Kg in 
this work. Unknown solutions of 2-methyl-1 ,4-naphthoquinone 
were analyzed, and the results checked the calibration curve within 
an error of 1.5 per cent with a maximum deviation of 5 per cent. 

Trenner and Bacher (2) reported a factor of 1.08 in the stoichio- 
metric comparison of 2-methyl-1,4-naphthoquinone and vitamin 
K,. This factor is apparently a function of the dilution, since 
it was not observed by us in a series of twenty-two analyses of 
samples of pure vitamin K, at concentrations ranging from 6 to 
24 y per ce. In these experiments the average recovery was 100 
per cent (+3.5, maximum deviation 9 per cent). 

Apparatus—The apparatus shown diagrammatically in Fig. 2 
was constructed of glass with standard taper joints. It consists 
of two parts; a lower chamber A, in which the catalytic reduction 
is carried out, and an upper chamber B, in which the vitamin 
K hydroquinone partially reduces the standard indophenol rea- 
gent. 

Within limits, the dimensions of the apparatus are arbitrary. 
Ours was constructed to permit the convenient reduction of 7 ec. 
of solution in the lower chamber. 5 cc. of the reduced solution 
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can then be pumped into the upper chamber. The upper chamber 
(12 mm., outside diameter, tubing) was calibrated at 15 ce. No 
doubt these volumes can be reduced considerably. 


Method 


The entire apparatus is thoroughly cleansed with acetone and 
dried on a vacuum line. A small amount of the catalyst (about 
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Fic. 2. Apparatus for the determination of the K vitamins 


half the size of a pea) is placed in the bottom of the lower chamber. 
The sample is dissolved in the butanol-acetate solution and pheno- 
safranine solution is added (0.5 ec. to 9.5 ec. of butanol-acetate). 
This solution is placed in the lower chamber together with the 
catalyst. A cotton plug is placed in the constricted delivery tube 
3 and the apparatus is set up as shown. With stop-cocks 8, 4, 
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and 4 open and cock / closed, the air in the delivery tube 3 is 
replaced with nitrogen. Cocks 8 and 6 are closed, and / and 4 
are opened. 

Commercial hydrogen is passed through a spiral tower con- 
taining butanol to prevent evaporation losses. A water seal blow- 
off is placed in the line to prevent excessive pressures. The hy- 
drogen is admitted through inlet 2 at a rate sufficiently brisk to 
keep the catalyst in motion. During this reduction period the 
rubber bulb 6 is squeezed from time to time to expel the air within 
it. After all the quinone is reduced, the phenosafranine is reduced 
and its pink color disappears. The reduction is continued for an 
additional 5 to 10 minutes to insure complete reduction. 

While this reduction is in progress, 10 ec. of the standard indo- 
phenol reagent are pipetted into the upper chamber, and, as the 
reduction in the lower chamber approaches completion, the air 
in the indophenol solution is removed with a stream of nitrogen. 
This stream of commercial nitrogen is passed through a spiral 
tower containing alkaline hydrosuifite to remove traces of oxygen. 
The gas then passes through a butanol tower to saturate the gas. 
The gas train is by-passed with a butanol blow-off tower as a 
precautionary measure. The nitrogen is then admitted at inlet 
?, bubbled through the indophenol solution for 10 minutes, and 
issues through the long stemmed, uncalibrated pipette 70 which 
is placed in the Evelyn colorimeter tube //, as shown in Fig. 2. 

After the reduction is complete, stop-cocks /, 4, and 8 are closed. 
By means of the rubber bulb 6, the contents of the lower chamber 
are forced through the cotton filter (delivery tube 3) into the upper 
chamber as stop-cock 5 is opened. When the volume reaches the 
15 ec. mark, cock 5 is closed and nitrogen is readmitted through 
cock 8 for | to 2 minutes to mix the contents of the upper chamber. 
Cocks 8 and 9 are then closed. 

A deflated rubber bulb is placed on the end of the pipette, cock 
9remaining closed. The contents of the upper chamber are with- 
drawn by inserting the nitrogen-filled pipette into the chamber 
and slowly opening cock 9. When the solution is thus drawn up 
into the pipette, cock 9 is closed, and the rubber bulb is removed. 
The long stem of the pipette is then placed in the nitrogen-filled 
colorimeter tube, and the solution is run in without splashing. 
Readings are taken in the colorimeter exactly 3 minutes after 
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the kydroquinone and the indophenol are mixed. Atmospheric 
oxidation of the leucoindophenol does not occur under these con. 
ditions. Readings taken in the Evelyn colorimeter with Filter 
660 remained constant for 40 to 60 minutes. Shaking or aerating 
reoxidizes the leuco base. 

The pH of the solution to be tested is important. An accumu- 
lation of organic acids in an extract gives erroneous results. The 
reduction does not proceed smoothly in acid solutions, and, fur- 
thermore, these acids convert the indophenol sodium salt, either 
entirely or in part, to the red-colored free indophenol. 

The pH of the butanol solutions can best be tested by mixing 
an aliquot of the sample with the indophenol reagent. If the 
unknown is acidic, a diminution in the blue color results, and this 
is evident in the colorimeter. The pH of acid samples can be 
corrected as follows: A 10 ec. portion of a petroleum ether solution 
of the unknown is shaken with an equal volume of cold half- 
saturated baryta solution. The ether layer is washed with 5 ee. 
of water, and again with 5 ec. of a 1:1 aleohol-water solution. 
The aqueous washes are extracted with 10 ec. of petroleum ether, 
and the combined ether extracts are dried over anhydrous sodium 
sulfate. The vitamin is transferred to butanol by adding butanol 
and distilling off the petroleum ether in vacuo. The recovery ina 
control series of these experiments was 98 per cent (+2, maximum 
deviation 4 per cent). 

The test was applied directly to several materials. Beef blood 
and urine were continuously extracted in the dark for 72 hours 
with petroleum ether. After adjustment of the pH the extracts 
were transferred to butanol and analyzed. Several oils were also 
examined without concentration. The data (items marked with 
a dagger) are listed in Table I. Although recoveries of added 
vitamin K, were satisfactory, the samples taken contained so little 
vitamin K that it could not be measured. The data shown are 
therefore limiting values; the actual vitamin content falls below 
these limits. 

The presence of colored materials in the sample to be analyzed 
interferes with the performance of the test.' Furthermore, ex- 

1 Yellow concentrates convert the blue indophenol to a green-colored 


solution. This does not always interfere in the test, since the yellow is 
efficiently removed by color filters. If an aliquot of the unreduced un- 
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cessive amounts of extraneous, fat-soluble materials limit the size 
of the sample which can be tested. Consequently methods for 
the elimination of these materials were investigated. 

Chromatographic separation of vitamin K, from extracts has 
been unsatisfactory in our hands, presumably, among other things, 
because of the photolability of the vitamin. It should be em- 
phasized, that all steps performed in this work were carried out 
with a minimum exposure to light. 

Fieser (8) introduced a remarkably simple method for the isola- 
tion of vitamin K, from alfalfa concentrates. He reduced the 


TABLE | 
Vitamin K, Content of Various Materials 





Vitamin K, in Recovery of | Data approximated 


Sample dey tinue | a | o- a 
per gm. | per cent y per gm. 
Alfalfa 15.6 92 16 (4) 
Beef liver be 6.9 102 8 (5) 
Fresh sardine meal. 2.9 94 Variable with his- 
tory of sample 
(6) 
7 per cc. | 
Jeef bloodt <0.26 | 98 | Very low (7) 
Human urinet <0.075 90 
Cod liver oilt <2.0 96 
Peanut oilt : <10.0 96 


* The figures in parentheses indicate bibliographic references. 
+ Examined without concentration. 


concentrate with sodium hydrosulfite and transferred the con- 
centrate to petroleum ether. The vitamin hydroquinone was then 
removed from the ethereal solution with Claisen’s alkali. The 
potassium salt of the hydroquinone, which was formed in the 
alkaline phase, was hydrolyzed by the mere addition of water, 
and the free vitamin hydroquinone was then extracted with petro- 
leum ether. ‘This procedure cannot be used as such in conjunction 
with the present test, but we have devised a modified procedure 


known, upon mixing with the indophenol, does not alter the transmission 
by more than a dilution factor, the color in the unknown will probably not 
interfere. 
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based on the same principle which overcomes the difficulty. This 
method is carried out in the apparatus shown diagrammatically 
in Fig. 3. Although the dimensions of the apparatus are more 
or less arbitrary, ours was constructed to contain a total volume 
of 100 ee. of solution. 


hia. 3. Apparatus for the separation of the vitamin K hydroquinones 
from colored extraets by means of the reductive Claisen’s alkali treatment. 


« 


The neutral sample, containing 1 to 2 gm. of solids or oils, is 
dissolved in a mixture of 5 ec. of methanol and 10 ce. of petroleum 
ether, and 10 to 15 mg. of powdered phenosafranine are added. 
The solution is placed in the lower chamber C, and a charge of 
Raney’s nickel (about the size of a pea, or larger if the reduction 
is too slow) is added. The hydrogen is led through a methanol 
tower to prevent consequent evaporation losses before it is ad- 
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mitted through stop-cock 12. The hydrogen is admitted through 
inlet 13 at a rate sufficiently brisk to keep the catalyst in motion. 
The large amount of phenosafranine makes it relatively simple to 
follow the reduction in spite of the high color of some concentrates. 
The reduced phenosafranine also protects the vitamin hydro- 
quinone from accidental atmospheric oxidation. A leakage of air 
into the system, which vitiates the results, is readily detected by 
the return of the color of the phenosafranine. 

After the reduction is complete, 15 ec. of Claisen’s alkali (50 gm. 
of potassium hydroxide in 25 ec. of water diluted to 100 ec. with 
methanol) are placed in the upper chamber D. Air is removed 
by bubbling nitrogen from inlet 17 through this solution—a process 
usually requiring about 10 minutes. The Claisen’s alkali is then 
admitted through stop-cock /5 and the contents of the lower 
chamber are mixed by readmitting the hydrogen stream through 
stop-cock /2. The potassium salt of the vitamin hydroquinone 
is thus formed and remains in the alkaline phase. 

The hydrogen supply is then cut off by closing cock 12. Cock 14 
is left open during this operation. ‘The system is protected from 
the entrance of air by connecting cock /4 with a trap such as 
shown connected to cock 4:1 Fig. 2. The two phases are allowed 
to separate. The upper chamber D is then raised through the 
greased rubber collar /6 so that the petroleum ether can be re- 
moved by connecting an aspirator to the mouth of the upper 
chamber. This washing procedure, which serves to remove neu- 
tral fats, vitamin KE, and ether-soluble chromogens, may be re- 
peated as necessary. 

After the petroleum ether is removed, 30 ec. of thoroughly gas- 
free water are admitted through stop-cock 1/5 to hydrolyze the 
potassium salt of the vitamin K hydroquinone. After the material 
is mixed for 5 minutes, 30 ee. of gas-free petroleum ether are run 
in through cock 15 to extract the hydroquinone. After the mate- 
rial is mixed for 10 minutes with hydrogen, the two phases are 
allowed to separate, and the highly colored, aqueous, alkaline, 
lower layer, now free of vitamin K, is drawn off through stop- 
cock 78. The petroleum ether layer, which contains the hydro- 
quinone, is then washed in the apparatus with 30 ce. of gas-free 
water which are subsequently removed by way of cock 18. The 
petroleum ether is run into a graduated cylinder and its volume 
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is measured, and the sample is dried over anhydrous sodium sul- 
fate. At this point, the hydroquinone is exposed for the first 
time to air oxidation. The small amount of phenosafranine in 
the petroleum ether becomes pink, but is adsorbed by the sodium 
sulfate, leaving practically colorless solutions. The vitamin is 
then transferred to butanol, as described above. This solution 
is then analyzed as usual. No pH adjustment is necessary follow- 
ing this procedure. 

In a control series of fifteen experiments, the average recovery 
of added vitamin Kk, was 83 per cent (+3, maximum deviation 
10 per cent). Consequently values obtained following. this 
procedure are divided by the factor 0.83. We believe this corree- 
tion factor is essentially a distribution coefficient. It expresses, 
among other things, the ratio of the amounts of the hydrolyzed 
hydroquinone in the petroleum ether and alkaline phases. We 
have restricted the amount of solids (or oils) in the test sample 
to 1 or at the most 2 gm., since excessive amounts of these ether- 
soluble materials cause emulsification and variation in the phase 
volumes. By restricting the solids to 1 to 2 gm. the distribution 
coefficient has remained constant, as judged by recovery experi- 
ments involving added vitamin I). 

This treatment has been used in the analysis of the samples 
recorded in Table I. Extracts were prepared as follows: Samples 
were dehydrated by refluxing for 3 hours with alcohol. The solids, 
removed by filtration, were extracted for 48 to 96 hours in a 
Soxhlet apparatus with petroleum ether (b.p. 60-80°). The com- 
bined aleohol-ether extracts were concentrated to dryness in vacuo, 
under nitrogen, and the residue was taken up in a minimal volume 
of petroleum ether. The pH was adjusted and the solution was 
diluted to contain 2.5 to 15 y of vitamin Kk, per ce. 10 ee. of this 
solution, containing less than 2 gm. of solids or oils, and 5 ce. of 
methanol were then submitted to reduction and treatment with 
Claisen’s alkali as described above. After the vitamin K, hydro- 
quinone was separated from interfering materials and colors, the 
hydroquinone was reoxidized to the quinone in the presence of 
air. The sample was then transferred to butanol and analyzed 
as usual. Readings were taken exactly 3 minutes after the sample 
and the 2,6-dichloroindophenol in the upper chamber of the test 
apparatus were mixed. The data obtained are consistent with 
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previously published values obtained by biological assay proce- 
dures, and the recoveries of added vitamin K, are within the 
limits of error of the procedure. The data are expressed in terms 
of vitamin kj, since no attempt is made to differentiate vitamins 
K, and Ks in the present procedure. 


DISCUSSION 

Concerning the specificity of the method described here, Trenner 
and Bacher (2) showed that the potential of phenosafranine lies 
well below that of any of the known quinones, and that the hydro- 
quinones all reduce 2,6-dichloroindophenol. Thus, any sub- 
stance having an oxidation-reduction potential above that of 
phenosafranine and about 150 millivolts below that of the indo- 
phenol will be quantitatively measured in the present procedure. 
The group of substances falling within this range, however, is 
cut down considerably by the means used to extract vitamin K 
from natural materials; for example, the sugars, thiols, ascorbic 
acid, ete., are not soluble in petroleum ether. 

The use of the preliminary treatment of the hydroquinone with 
Claisen’s alkali adds markedly to the specificity of the test. Vi- 
tamin K, hydroquinone is soluble in Claisen’s alkali, but not in 
aqueous alkali. These cryptophenolic properties are generally 
associated with polysubstituted hvdroquinones which possess fat- 
soluble groupings. As a consequence of these properties, it is 
possible to wash a Claisen’s alkali solution of the vitamin hydro- 
quinone with petroleum ether without removing the vitamin K, 
hydroquinone.? The simple addition of water to the ether-washed 
Claisen’s alkali, however, hydrolyzes the potassium salt of the 
vitamin Kk, hydroquinone, thus making it possible to extract the 
hydroquinone with petroleum ether. And this petroleum ether 
extract can then be analyzed for vitamin K, as usual. 

It should be noted that after the hydrolysis of the potassium 
salt of vitamin K, hydroquinone, by the addition of water, the 
aqueous phase remains approximately 10 per cent in potassium 
hydroxide and 25 per cent in aleohol. Hence the alkaline phase 
will retain many hydroquinones. For example, the benzoquinones 


* This treatment will remove the cryptophenolic vitamin FE, which does 
not form a potassium salt even in Claisen’s alkali. 
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(with the possible exception of duroquinone) and the naturally 
occurring 3-hydroxynaphthoquinones, such as phthiocol, lapachol, 
hydrolapachol, and lumatiol, give hydroquinones which are not 
extracted along with the vitamin K, hydroquinone, but, on the 
contrary, remain in the diluted Claisen’s alkali. Similarly, 
2-methyl-1 ,4-naphthoquinone is quantitatively separated from 
the vitamin by this procedure. The tocopherylquinones, however, 
are not separated from the Kk vitamins. 

When readings are taken within 3 minutes after the hydro- 
quinone and the indophenol are mixed in the test procedure, the 
influence of extraneous, slowly reducing substances is eliminated, 
For example, the tocopherylquinones, or the tocopherylhydro- 
quinones to which they are converted during the Claisen’s alkali 
procedure, are extracted along with the vitamin K hydroquinone. 
However, the reduction of the 2,6-dichloroindophenol by a- and 
8-tocopherylhydroquinones proceeds very slowly, reaching a 
steady maximum only after 40 to 60 minutes. Consequently, 
readings taken 3 minutes after the indophenol and hydroquinone 
solutions are mixed are not significantly altered by the presence 
of the amounts of tocopherylquinones usually found in extracts 
of natural materials. 

It may be noted here that the tocopherylquinones are quantita- 
tively measured by the test procedure if the final steady readings 
are taken 40 to 60 minutes after the tocopherylhydroquinones are 
mixed with the indophenol reagent. The same apparatus and the 
same calibration curve established with 2-methyl-1 ,4-naphtho- 
quinone are applicable. The final values are to be multiplied by 
the stoichiometric factor of 2.5 for conversion to a-tocopherol. 

The continued drop in some of our readings indicated that there 
was a substance or substances like the tocopherylquinones present 
in some of our extracts. Whereas these substances are eliminated 
satisfactorily by restricting the reading time, it was deemed de- 
sirable to investigate other means of elimination. The lability 
of vitamin K to alkali and acids suggested that duplicate deter- 
minations before and after destruction of the vitamin K might 
give an accurate estimate of the vitamin. Destruction of the 
vitamin with alkali has not been readily amenable to standardiza- 
tion in our hands. Treatment of petroleum ether extracts with 
85 per cent sulfuric acid as in the method of Parker and McFarlane 
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(9) removed all of the vitamin K, but this treatment, which also 
removes the tocopherylquinones, removed all of the slowly re- 
ducing materials as well as the K vitamins. 

These slowly reducing substances exhibit the properties of the 
tocopherylquinones; viz., they are fat-soluble; they pass through 
the Claisen’s alkali treatment; they are removed by the sulfuric 
acid treatment; their oxidation-reduction potential falls within 
the required range; and the rate at which their hydroquinones 
reduce the indophenol reagent is characteristic. If the presence 
of the tocopherols in these extracts could be demonstrated, this 
would augment the evidence that these slowly reducing substances 
are tocopherylquinones. This has been demonstrated with our 
alfalfa extract, as follows: 

An aliquot of our alfalfa extract was run through the reductive 
treatment with Claisen’s alkali and analyzed for vitamin K, the 
appropriate reading being taken at 3 minutes. (This gave re- 
sults in essential agreement with bioassays published elsewhere 
and good recoveries of added vitamin K, were obtained.) Read- 
ings were taken again after 60 minutes. Assuming that the 
distribution coefficients of the vitamin K hydroquinones and the 
tocopherylhydroquinones are essentially equal, the tocopheryl- 
quinone content of the aliquot was measured in terms of 2-methyl- 
| ,4-naphthoquinone by subtracting the initial from the final read- 
ing. Multiplying this by the stoichiometric factor 2.5 showed 
that the sample contained about 15 y of tocopherylquinone per 
gm. of dry alfalfa. 

A second aliquot of this same alfalfa extract was treated with 
sulfuric acid according to the method of Parker and McFarlane. 
This removes the K vitamins and the tocopherylquinones. The 
residue was then oxidized with gold chloride by the method of 
Karrer ef al. (10). After removal of the gold, the tocophery!- 
quinone was analyzed as usual. The sample contained about 12 
y of tocopherol per gm. of dry alfalfa. 

From the foregoing it would appear that with only minor manip- 
lations of the samples to be analyzed, the same apparatus and 
the same procedure used for the determination of the K vitamins 
can be used for the determination of the tocopherols and the 


tocopherylquinones. 
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SUMMARY 


A colorimetric, oxidation-reduction method for the determina- 
tion of the K vitamins has been described. The test is performed 
in butanol solution. This increases the stability and spectral 
purity and doubles the optical density of the 2,6-dichloroindo- 
phenol reagent. The method is applicable to solutions containing 
as little as 5 y of vitamin K, per cc. A means for applying the 
method to colored extracts has been presented. The vitamin K 
content of a number of materials has been reported. The speci- 
ficity of the method has been discussed, and it has been shown 
that vitamin K, can be differentiated from 2-methyl-1 ,4-naphtho- 
quinone and the tocopherylquinones. Evidence has been pre- 
sented to show that extraneous, slowly reducing substances present 
in certain extracts are tocopherylquinones. The method is quan- 
titatively applicable to the determination of the tocopherylqui- 
nones and the tocopherols, after oxidation to the corresponding 
quinones. 
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PREPARATION OF /-ALANINE FROM di-ALANINE BY THE 
ACTION OF d-AMINO ACID OXIDASE 


By OTTO K. BEHRENS 
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(Received for publication, August 21, 1941) 


In 1935 Krebs (1) demonstrated the presence in kidney tissue of 
an enzyme which specifically oxidizes amino acids of “‘unnatural’’ 
(d) configuration, leading to the formation of ammonia and a-keto 
acids. This enzyme has been utilized by Lipmann and coworkers 
(2) to examine the contention of Kégl and Erxleben (3) that tumor 
tissue is specifically characterized by the presence of amino acids of 
“unnatural” (d) configuration. Since this enzyme does not at- 
tack the natural (/) amino acids, it has been found useful for the 
preparation of /-amino acids from the corresponding d/ substances 
(Duschinsky and Jeannerat (4)). In making use of d-amino acid 
oxidase for this purpose, we found it possible to simplify the ex- 
perimental technique and are therefore presenting a detailed de- 
scription of our procedure. The preparation of considerable 
quantities of l-amino acids may readily be accomplished by this 
method. Its application to the preparation of l-alanine is here 
described. 


EXPERIMENTAL 


d-Amino Acid Oxidase-——A dry, stable enzyme source was pre- 
pared in the following manner. Fresh frozen sheep or hog kidneys 
were ground into 8 volumes of acetone at room temperature (up to 
24°). The material was stirred well and allowed to stand 2 hours. 
The supernatant fluid was removed by decantation, and the ma- 
terial was filtered on coarse paper. The precipitate was resus- 
pended in 4 volumes of acetone and again filtered. The acetone 
treatment was repeated once more. The period from the time that 
the material is ground to the completion of the acetone treatment 
should not exceed 6 hours. The precipitate thus obtained was 
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freed of excess acetone in a vacuum desiccator over CaCls or H,SO, 
or in a vacuum oven at room temperature for 6 to 18 hours. The 
dry kidney powder thus prepared may be stored in the cold for some 
months without appreciable deterioration. 

Preparation of l-Alanine—120 gm. of dry, finely powdered kid- 
ney were thoroughly mixed with 600 ec. of water. Water was 
added to about 3200 ec. and the material was stirred at 35—40° for 
30 minutes. The coarse precipitate was removed by filtering 
through fine cheese-cloth. The cloudy solution remaining was 
quickly passed through a Sharples supercentrifuge, whereby an 
almost clear solution was obtained. If facilities permit, centri- 
fuging the entire suspension at 2000 to 2500 r.p.w. may be substi- 
tuted for the filtration and supercentrifugation. The extraction of 
the kidney powder must be completed to this point within 1} hours, 

The enzyme solution thus obtained was immediately added to a 
solution of 72 gm. of dl-alanine in 40 ec. of N NaOH and 760 ec. of 
water, and oxygen was bubbled through the solution from a sin- 
tered glass plate with very vigorous stirring. The stirring and oxy- 
genation were continued for a period of 5 hours, during which the 
temperature was maintained at 35-40°. The total oxygen uptake, 
which may be measured with a closed system, should be 4600 ee. 
The reaction should be complete in 3 to 5 hours. 

The solution was treated with 40 ec. of N HCl, heated to boiling 
to coagulate the dissolved protein material, and filtered. The 
clear filtrate was concentrated in vacuo to 600 to 900 cc. Suffi- 
cient 20 to 25 per cent aqueous trichloroacetic acid was added to 
bring the concentration of the entire solution to 2.5 per cent. The 
slight precipitate was removed by vacuum filtration through coarse 
paper and a thin laver of Filter Cel, 100 ec. of concentrated HCl 
were added, and the solution was evaporated to dryness in vacuo. 
The evaporation was repeated two times with the addition of small 
portions of water to remove excess HCl] and then three times with 
the addition of small portions of alcohol. The precipitate re- 
maining was extracted with 200 cc. of hot absolute alcohol. The 
residue (predominantly NH,Cl and NaCl) was reextracted with 
100 ec. of 95 per cent aleohol. To the combined filtrates were 
added 67 cc. of aniline with stirring. The material was cooled to 
about 20° during } to | hour and filtered with suction. The brown 
precipitate thus obtained was suspended in 100 ec. of warm alcohol, 
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filtered, and washed on the filter with 50 cc. of ether. 33 to 40 gm. 
of crude /-alanine were thus obtained. [a]® = +9-12° (3 per 
cent in HCl). This material contains a considerable amount of 
an inactive substance. The alanine was recrystallized from 3 parts 
of boiling water by addition of 9 parts of alcohol. In the recrystal- 
lization any material that is insoluble in 3 parts of boiling water is 
not alanine and may safely be discarded. Yield, 22 gm., [a]? = 
+14.5°; amino N, 15.5 per cent; calculated for C;H;O.N, 15.7 per 


cent. After one more recrystallization the rotation was [a]® = 
+14.5°. 
SUMMARY 
Detailed directions are given for the preparation of d-amino acid 
oxidase and its use in the preparation of 1(+)-alanine from dl- 


alanine. 
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Despite the volume of work that has appeared on radioactive 
phosphorus as an indicator for metabolic processes, no satisfactory 
evidence has so far been provided for the establishment of what 
may be termed the “safe tracer dose’’ with respect to the volume 
of solution and the amount of labeled phosphorus to be injected. 
Such information is necessary for the interpretation of results 
obtained from different sized animals treated with varying doses 
of the labeling agent. From the following series of experiments 
it will be shown that, within the limits studied, neither the number 
of mg. of NazgHPO, nor the volume of the injected NaH PQ, solu- 
tions influences the recovery of total phosphorus in various tissues. 


EXPERIMENTAL 


Determination of Total Radioactive Phosphorus—In the following 
series of experiments the total labeled phosphorus recovery from 
samples of brain and blood was determined by a combined wet 
and dry ashing procedure. The tissue was placed in a tared 
porcelain crucible fitted with a cover. After weighing, an excess 
of Mg(NQOs)>. solution was added, together with 1 ec. of concen- 
trated nitric acid. This was heated on the steam bath, with fre- 
quent additions of nitric acid, until the tissue was digested. Owing 
to the high fat content of the brain, some fat usually remained 
undigested. At least 1 ec. of concentrated hydrochloric acid was 
then added and the contents dried. The hydrochloric acid serves 
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to decompose the excess nitric acid and thus prevents puffing of 
the material during the ensuing dry ashing. The crucibles were 
placed in a cold muffle and gradually heated to 150-200°. If any 
puffing was observed, a few drops of concentrated hydrochloric 
acid were cautiously added. The temperature was then raised 
to 550°, and the ashing was usually complete within 2 hours. 
After cooling, the ash was dissolved in concentrated HCl. If 
further ashing was necessary, the contents of the crucibles were 
dried and the dry ashing repeated. Otherwise the dissolved ash 
was made up to volume and a suitable aliquot pipetted onto a 
blotter. If the activity in the sample was low, the whole sample 
was mounted on the blotter directly from the crucible. It was 
found advisable to add 0.5 ec. of concentrated NH,OH to these 
blotters to neutralize the HCl; if this was not done, the blotters 
decomposed while being dried. When dry, the blotters were 
wrapped in cellophane and the radioactivity determined as pre- 
viously described (1). The samples of liver, kidney, and muscle 
were not ashed. These tissues were reduced to a homogeneous 
mixture in an agate mortar. Duplicate samples of approximately 
100 mg. were weighed on small squares (1 em. X 1 cm.) of water- 
proof cellophane. The cellophane squares were placed directly 
on a blotter. The blotter was then wrapped with waterproof 
cellophane. With a glass vial as a roller, the tissue was spread 
uniformly over the surface of the blotter. The blotter was then 
dried overnight under an electric light. The radioactivity was 
determined in the usual manner. Trial determinations showed 
that values obtained by this method of measuring total phosphorus 
recovery agree very closely with values by the method of ashing. 
This method can be conveniently applied to an isotope possessing 
powerful radiation when the amount of self-absorption is neg- 
ligible. 

Series 1—Twenty rats of uniform weight, each weighing 50 gm., 
were used here. They were divided into four groups of five ani- 
mals. Each rat of Group I received subcutaneously 0.25 cc. of 
a P%2 solution that consisted of 0.10 cc. of isotonic radioactive 
Na,HPO, solution (3 mg. of P per ce.) and 0.15 ec. of isotonic 
NaCl solution. Those of Group II each received 0.50 ee. of a 
P®2 solution made up by the addition of 0.10 ec. of an isotonic 
radioactive NasHPO, solution to 0.40 cc. of an isotonic NaCl solu- 
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tion. The rats of Group III were injected with 1.00 ec. of a P* 
solution that was prepared by adding 0.10 cc. of an isotonic radio- 
active NasHPO, solution to 0.90 ec. of isotonic NaCl. In Group 
IV each rat received 2.00 cc. of a P® solution made up by the 
addition of 0.10 cc. of an isotonic radioactive Na2zH PO, solution 
and 1.90 ec. of isotonic sodium chloride. The rats were killed 
24 hours after the P** injection and the recovery of total labeled 
phosphorus in whole brain and whole blood determined. 

Series 2——Six 15 gm. rats, six 50 gm. rats, and six 200 gm. rats 
were used in this experiment. In this series the volume injected 
was graded according to the weight of the animal, but the amount 
of labeled phosphorus injected was not allowed to vary. Each 
rat received subcutaneously 1 ec. of a P® solution per 100 gm. 
of body weight. Each animal, irrespective of size, received ex- 
actly 0.10 ce. of labeled isotonic Na2,HPO, solution; the remainder 
of the solution injected was isotonic NaCl. These animals were 
killed 24 hours later and the recovery of total labeled phosphorus 
in brain and whole blood determined. 

Series 3—-Five 15 gm. rats, five 50 gm. rats, and five 200 gm. 
rats were used in this experiment. These animals received sub- 
cutaneously graded doses of an isotonic labeled Na,H PO, solution 
in the proportion of 1 ec. of solution per 100 gm. of body weight. 
In this series, therefore, the amount of phosphorus injected was 
allowed to vary according to body weight. This experiment 
should be contrasted with that of Series 2, in which each rat re- 
ceived exactly the same amount of phosphorus regardless of its 
size. 24 hours later the rats were killed and the recovery of total 
labeled phosphorus in liver, kidney, skeletal muscle (gastroene- 
mius), brain, and blood determined. 

Effect of Variation in Volume of P*®* Solution Administered 
The results obtained by the administration of different volumes of 
P®? solution, all containing, however, the same amount of labeled 
phosphorus, namely 0.3 mg. per rat, are shown in Table I. The 
results were obtained from the experiment on Series 1. No differ- 
ences were found in the recovery of radioactive phosphorus in 
brain and blood at 24 hours despite the variations in the volumes 
injected. While the total phosphorus recovery in the brain, a 
tissue which is slowly penetrated by phosphorus (2-5), is found 
to be the same regardless of the volume injected, it seems reason- 
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able to assume that the same result would be found for a tissue 
which is more rapidly penetrated. 

Effect of Variation in Amounts of Labeled Na,flPO, Admin- 
istered—The results recorded in Table II were obtained from the 


TaBie | 
Effects of Variation in Volume Injected upon Recovery of Labeled Phosphorus 
in Whole Brain and Whole Blood of 50 Gm. Rats 
All values are expressed as per cent of the administered labeled phos- 
phorus. Each value represents the average of five closely agreeing results 


Brain 
Volume injected Blood per gm. 
Per whole organ Per gm. 
cc. a 
0.25 0.213 0.163 0.226 
0.50 0.222 0.175 0.225 
1.00 0.221 0.172 0.226 
2.00 0.209 0.163 0.215 


TaB.Le II 
Effects of Variation in Amount of Phosphorus Administered upon Recovery of 
Labeled Phosphorus in Brain and Blood 
All recovery values are expressed as per cent of the administered labeled 
phosphorus. Each value represents the average of five or six closely agree- 
ing results. 


| 


15 gm. rats 50 gm. rats 200 gm. rats 
Series 2)/Series 3 Series 2 Series 3) Series 2 Series 3 


Volume injected, ce. . 0.15 | 0.15 0.50 0.50 2.00 | 2.00 
P injected, mg. 0.30 0.45 0.30 1.50 0.30 | 6.00 
Recovery in brain 
Per whole organ 0.888 0.857) 0.222. 0.227 0.105 | 0.109 
gm... , . 1.07 | 1.07 | 0.175 0.165 0.0648, 0.0634 
Recovery in blood per gm. 0.707, 0.705 0.222 0.222 0.111 | 0.117 


experiments on Series 2 and 3. The 15 gm. rats of Series 3 re- 
ceived 1.5 times as many mg. of phosphorus as did the 15 gm. 
rats of Series 2; yet the recovery of radioactive phosphorus in 
brain and blood was practically identical in both these groups. 
The 50 and 200 gm. rats yielded essentially the same results. De- 
spite the fact that the 200 gm. rats of Series 3 received 20 times 
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as much phosphorus as did the 200 gm. rats of Series 2, the re- 
coveries of radiophosphorus in brain and blood of both series were 
practically the same. 

Comparison of Phosphorus Uptake per Gm. and per Whole Organ 
in Animals of Various Sizes—Table III shows the recovery of 
total labeled phosphorus for several tissues, calculated per gm. 
and per whole organ. These results were obtained from the ex- 
periment on Series 3, in which the amount of phosphorus admin- 
istered per unit of body weight was kept constant. Total skeletal 
muscle was estimated from Jackson and Lowry’s data (6); ac- 


TABLE III 


Comparative Uptake of Labeled Phosphorus by Whole Organs and per Gm. of 
Tissue in Animals of Various Weights 24 Hours after Injection 


All values are expressed as per cent of the administered labeled phos- 
phorus. Each value represents the average of five closely agreeing results. 








Per whole organ | Per gm, 
Rat . Se — a 
weight hole on l 
Liver Kidney Brain Whole Muscle Liver Kidney) Brain | Whole Muscle 
blood blood 
—— — —_ | — — — | —_—_—____. | —_—_—____ 
gm. | 


| 

| | 
15 3.21 0.825, 0.857 0.85%) 11t | 6.34 | 4.51 1.07 | 0.705) 3.31 
50 | 4.11 | 0.747 0.227| 0.80", 15¢ | 1.93 | 1.46 0.165 | 0.222) 0.885 
200 | 5.97 0.927 0.109 1.5% | 16+ | 0.84 | 0.595,0.0634) 0.117) 0.190 


* Estimated from Donaldson (7). 
+ Estimated from Jackson and Lowry (6). 


cording to these workers, skeletal muscle represents 23 per cent 
of the body weight of the 15 gm. rat, 33 per cent in the 50 gm. 
rat, and 43 per cent in the 200 gm. rat. Donaldson’s data (7) 
were used to estimate the recovery of phosphorus in whole blood 
of the entire rat; according to him, blood represents 8 per cent 
of the body weight of the 15 gm. rat, 7 per cent of the 50 gm. rat, 
and 6 per cent of the 200 gm. animal. 

Table III shows that for most of the tissues examined the per- 
centage of the administered radiophosphorus recovered per whole 
organ remains constant or increases slightly as the animal increases 
in size. Increases in rat sizes from 15 to 50 gm. and from 15 to 
200 gm. represent a 3- and 13-fold increase; yet the percentage 
of the administered radioactive phosphorus recovered in the whole 
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kidney did not differ significantly in the 15, 50, and 200 gm. rats. 
Accepting the above estimates of total muscle in rats of different 
sizes, we conclude from Table III that as the rat grows larger 
only a moderate increase occurs in the uptake of radiophosphorus 
by the entire skeletal muscle. The retention of radiophosphorus 
by the entire volume of blood of each animal was calculated in a 
similar manner. A slight rise was again observed in the amount 
of radiophosphorus retained as the animal grew larger. The re- 
covery in whole liver rose from 3 to 6 per cent as the rat’s weight 
changed from 15 to 200 gm 

The brain differed strikingly from liver, kidney, blood, and 
muscle in that the percentage of the administered radioactive 
phosphorus recovered in the whole brain decreased as the animal 
grew larger. When the uptake of P** in the whole brain of the 
15 gm. rat was compared with that in the 200 gm. rat, an 8-fold 
decrease was observed. 

The deposition of the administered labeled phosphorus per gm. 
of tissue has also been examined in Table II]. The recovery per 
gm. was smaller in all tissues of the 200 gm. rat than in the 15 
gm. animal. When the recoveries of P® per gm. of tissue are 
compared in the 15 and 200 gm. rats (Table ILI), 6- to 8-fold 
decreases for liver, kidney, and whole blood and a 17- to 18-fold 
decrease for muscle and brain are found. 


DISCUSSION 


The finding that large variations in the amount of NasHPO, 
injected produced no change in the percentage of the administered 
labeled phosphorus recovered in brain and blood (Table II) is 
perhaps not surprising. Although appreciable amounts of labeled 
phosphorus were injected, they represent small fractions of the 
total phosphorus already present in the animal. The total amount 
of phosphorus within the rat is not appreciably altered by the 
amount of labeled phosphorus introduced in the present study. 

When comparisons of recoveries of injected radiophosphorus 
are being made among different organs (for example, liver and 
kidney) either in the same animal or in animals of the same weight, 
such comparisons are most conveniently made per gm. of tissue. 
But when recoveries by the same organ are being measured in 
animals of different sizes, the question arises whether comparisons 
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should be made per whole organ or per gm. of tissue. The obser- 
vation that in animals of different sizes the recoveries of the in- 
jected radiophosphorus in any given organ are more nearly alike 
when compared on the basis of the whole organ than when compared 
per gm. of tissue is of importance in the interpretation of results 
involving labeled isotopes. The data of Table III as well as those 
of Table [V support the view that recovery per whole organ should 
be considered when phosphorus and phospholipid recoveries by 
tissues obtained from animals of different sizes are compared. In 
Table IV the labeled phospholipid and the total labeled phos- 
phorus recoveries by several tissues of the adult rat (200 gm.) 
and the adult mouse (23 gm.) are compared. Table IV shows 
that even in these two different animals' the recoveries of the 
injected phosphorus as phospholipid and total phosphorus agree 
quite closely when compared on the basis of the whole organ. On 
the other hand, if the comparisons of the same organ are based 
on the recovery per gm. of tissue, the activity in the smaller animal 
is many times greater than in the larger (Tables III and IV). 
It is difficult to believe that the activity of muscle, liver, or kidney 
ean be so much greater in the mouse than in the rat, or even that 
the activities of these tissues should be greater in the young rat 
than in the old. 

The above conclusions are shown to hold fairly well for liver, 
kidney, muscle, and blood. There was a 13-fold change in weight 
from the youngest to the oldest rat investigated; yet for each 
tissue the maximum change in recovery of labeled phosphorus 
per whole organ was less than 2-fold. 

In the case of the brain it was found that the recovery of total 
labeled phosphorus continues to decrease as the rat grows larger, 
even though comparisons are made on the basis of the whole organ. 
From the 15 to the 200 gm. rat this decrease was 8-fold. Per 
gm. of tissue the decrease in recovery was even greater; namely, 

‘The time of maximum recovery of P® for a given organ may vary 
somewhat in rat, mouse, etc. This variability may be significant in tissues 
like liver and kidney, in which maximum recoveries occur early. The 
intervals chosen in the present study, namely 24 and 48 hours, are close to 
the time when maximum recoveries are found (2, 5). Despite this con- 
sideration, however, the data of Table IV suggest that when P*® recovery 
by the same organ in mouse and rat is compared the recovery per whole 
organ is to be preferred to recovery per gm. of tissue. 








. 


Recovery of Labeled Phosphorus 


Ne) 
t~ 
+ 


| ‘ 
09°0 £6'0 Z1°0) 1) 
(¢) O'F(G) ZL°0 (9) £2'0)($) ia 





| 





uBzi0 
eTOUM 


uBez10 


“ua 49d e]O"UM 


“UIs 190g 


soupry pooig 


té 


4no Ty] R87 pun 


(6) 


eyep peysyqndun “ry 


I “poxtey, ) pur 


“a “PT ‘seuor , 


‘BJEP JO 92INOS VY} O} Jojad sosayjpUeIed Ul Ss1aquINU ayy 





£90 0 iO! 610) 91| 
(g) 1¢°0| (¢) ITO) =(G) Ze! CG) Gz 
1£00°0 0£0°0 | 
1Z0'0}(6) FEO'O;(OL) L00'O)(OL) 80 | 
+910} = «S80°0) (8) 020) (8) BI 
(6) €10°O)(6) 120°0) 
S10] «£80°0) 
“UIs 18g men ‘md 48g sevens 
UIBIgT | apPsnKk 


80) 0° 9,002 VY 
Cc) 2G) 1 Site dSNOPY 
(00% HAGES 
(1) 02 OD € 1/00Z wy 
(8) £6°0\(8) Z ez asnoyy 
(1) O€ O11) 8 1002 }BY 
(8) 6 1\(8) E°Zlez | asnoyy 
aie 
us 49d onan, = 
8. jwanuy 
AUT = 





ibz d [#0 
ist pidiyoydsoyg 
| 

lez = ptdyoydsoyg 
; s4y 


omy | 


ATAIVY 


[RA jayut 


y snioqydsoyd P2ePqL] Peso SIULUUpR oy} JO JUed Jod se passo1dXe a1W SONPVA [LY 


snsoydsoyd praqvT fo worppsjpsiuiupy 4a){p Dasaquy 


Al 


ATAY 


jo haupiy puv ‘poorg 2704 4 ‘uiwag ‘ojasnyy ‘a9ar] fo Ruaaovay snaoydsoyy )oIO, puv pidijoydsoy gy 








B. A. Fries and I. L. Chaikoff 477 


18-fold. Despite this change with age it should nevertheless be 
noted that the recoveries per whole brain in adult mouse and rat 
agree very closely (Table IV). 

The growth of the brain differs strikingly from that of other 
tissues in that it is characterized by a very rapid early phase and 
a slow one thereafter. Although the other tissues here investi- 
gated also have an early phase of rapid growth, they continue to 
grow uniformly thereafter (7). This may explain why the recovery 
of radiophosphorus by the brain differs from that by the other 
tissues. It seems unlikely, however, that this is the sole explana- 
tion of the decreased recovery found in the older rat. Despite 
the fact that the various brain divisions, namely forebrain, cere- 
bellum, medulla, and spinal cord, show great differences in growth 
rates, it is shown in the next paper (11) that all these divisions 
exhibit the same 7- or 8-fold drop in phosphorus recovery per 
whole organ as the animal grows in size. For example, the fore- 
brain in the 15 gm. rat amounts to 4 per cent of the body weight, 
while in the 200 gm. rat it represents 0.6 per cent, a relative de- 
crease of 7 times. The spinal cord in the 15 gm. rat is 0.4 per 
cent of the body weight and in the 200 gm. rat 0.2 per cent, a 
relative decrease of only 2 times (9). 

The chemical changes associated with the growth of the brain 
may also account, in part, for the P*? recovery by the brain. While 
the growth of the liver, kidneys, and muscles, etc., involves the 
proliferation of more cells of like chemical make-up, the growth 
of the brain after birth involves almost no cell division, but in- 
stead the enlargement of existing cells, and the development and 
medullation of nerve fibers. The chemical changes in the growing 
brain include a decrease in water content, an increase in all lipid 
constituents, and an increase in protein (12). 

The radioactive phosphorus used in this investigation was pre- 
pared by members of the Radiation Laboratory under the direction 
of Professor E. O. Lawrence, to whom our thanks are due. 


SUMMARY 

1. The effects of variation in the amount of phosphorus ad- 

ministered and in the volume of its solution upon the uptake of 

labeled phosphorus by tissues of the rat were investigated with 
radioactive phosphorus as indicator. 
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2. In animals of the same size, the uptake of P*? by blood and 
brain remained constant irrespective of the volume of solution or 
the amount of phosphorus injected. 

3. The uptake of radioactive phosphorus per whole liver, kidney, 
skeletal muscle, and blood remained constant or increased some- 
what as the rat grew larger, whereas in the case of the brain the 
uptake was markedly reduced. 

4. Evidence is presented for the view that recoveries per whole 
organ provide a more satisfactory basis than recovery per gm. 
for the comparison of phosphorus and phospholipid activities of 
the same tissue in animals of different size. 

The phosphorus and phospholipid recoveries in liver, kidney, 
muscle, and brain showed but little difference in the adult mouse 
and adult rat when comparisons were made on the basis of whole 


organ. 
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THE PHOSPHORUS METABOLISM OF THE BRAIN AS 
MEASURED WITH RADIOACTIVE PHOSPHORUS 
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It has been observed with the aid of several labeling agents’ 
such as elaidic acid, deuterium, and radioactive phosphorus (1-4), 
that the turnover of phospholipids proceeds very slowly in the 
brain. This slowness is characteristic of all the subdivisions ex- 
amined; namely, forebrain, cerebellum, medulla, and spinal 
cord (3). The four divisions, however, do not show a uniform 
phospholipid activity. Thus, from birth until the time the rat 
attains a weight of 50 gm., the cord is the most active part of the 
central nervous system and is 2 or more times as active as the 
forebrain; the activities of medulla and cerebellum at this time 
lie between those of cord and forebrain (3). In the older rats 
(100 to 300 gm.) a change in the relative activities of these divi- 
sions occurs; at this time the phospholipid activities of cerebellum, 
medulla, and forebrain surpass that of the cord in the order 
given (3). 

It has been known for some time that phosphorus penetrates 
nervous tissue very slowly (4-7). In view of the differences ob- 
served in the phospholipid activities of the various brain divisions 
(3), it seemed desirable at this time to determine whether the 
pattern noted in these activities is the same for their uptake of 
total P*, 

EXPERIMENTAL 


The data recorded here were obtained from over 75 rats. Rats 
of the following weights were used: 5 gm. (new born), 15 gm. 
(1 week old), 25 gm. (2 weeks old), 30, 50, 100, 200, and 300 gm. 


* Rosenberg Fellow in Physiology. 
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The manner in which the brain was removed and divided has 
been described elsewhere (3). In the 5 gm. rat the cerebellum 
and medulla were combined. 

Radioactive phosphorus was administered subcutaneously as 
an isotonic solution of NagHPO,; each rat received 1 cc. of this 
labeled phosphate solution per 100 gm. of body weight. The 
animals were killed 24 and 48 hours after the injection of phos- 
phorus. Only four weight groups (15, 50, 100, and 300 gm.) were 
investigated at the 48 hour interval. 

The method by which the P* content of the brain was deter- 
mined has been described in the preceding paper (8). 


Results 


The total phosphorus activity of the forebrain, spinal cord, 
cerebellum, and medulla found 24 hours after the administration 
of radioactive phosphorus is shown in Fig. 1. The results are 
expressed as percentage of recovery of the administered labeled phos- 
phorus per whole brain division. The reason for expressing the 
results in this manner rather than per gm. of tissue has been given 
in the preceding paper (8). 

The highest phosphorus activity in all four brain divisions was 
found in the new born rat (5 gm.). During the interval between 
birth and the time the rat attains a weight of 50 gm. a rapid de- 
cline in phosphorus activity occurs. This decline levels off in the 
50 gm. rat, and the fall in activity beyond this age occurs very 
slowly. Thus the forebrain of the 50 gm. rat has an activity only 
17 per cent of that found in the 5 gm. rat, whereas the 300 gm. 
rat has an activity only 5 per cent of that observed in the 5 gm. 
animal. Similarly the spinal cord of the 50 and 300 gm. rats 
showed activities of 27 and 9 per cent respectively of those ob- 
served in the 5 gm. rat. The cerebellum and medulla were com- 
bined in the 5 gm. rat; as a result, the earliest age these tissues 
were studied separately was 1 week (15 gm. rat). In both these 
divisions the highest activity was observed in the | week-old rat. 

Fig. 1 also shows that the rate of decline in phosphorus activity 
that occurred between the youngest and oldest rats examined was 
the same for all four divisions. 

The total phosphorus activity at the 48 hour interval was 1.25 
to 2 times as great as that observed at the 24 hour interval. This 
was true of all divisions of the brain. 
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Comparative Total Phosphorus Activity of Forebrain, Spinal 
Cord, Cerebellum, and Medulla—In order to compare the relative 
activities of these four divisions of the central nervous system, the 
total phosphorus activity per gm. of tissue has been considered. 
In Fig. 2 the spinal cord has been taken as the standard and its 
activity in each weight group assigned an arbitrary value of 100. 
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Fig. 1. The total phosphorus activity of whole forebrain, cerebellum, 
medulla, and spinal cord obtained at the 24 hour interval after the adminis- 
tration of radioactive phosphorus. O cord, © medulla, @ cerebellum, 
@ forebrain. 


The activities of the other divisions are shown in relation to this 
arbitrary value. 

In the youngest animal in which all parts were compared, namely 
the 15 gm. rat, the activity of the spinal cord was equal to, or 
slightly lower than, that of the cerebellum; at this time the fore- 
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brain and medulla showed activities considerably lower than that 
of the cord. In the 25, 30, and 50 gm. rat the phosphorus activity 
of the cord was only slightly greater than that of the cerebellum 
and medulla, but nevertheless appreciably greater than that of 
the forebrain. In the 200 and 300 gm. rat a change in these rela- 
tive activities has occurred: the activities of cerebellum and medulla 
now exceed that of the cord. Thus, from birth until the time the 
rat reaches a weight of 50 gm., the highest phosphorus activities 
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Fic. 2. The comparative total phosphorus activities per gm. of fore- 
brain, cerebellum, medulla, and spinal cord from birth until the time the 
rat attains a weight of 300 gm. In each group the spinal cord has been 
assigned the arbitrary value of 100. 


were found in either cord or cerebellum, whereas in the 200 and 
300 gm. rat the activities in the medulla and cerebellum exceeded 
those in other divisions. 

DISCUSSION 


In order to correlate the above data on the deposition of labeled 
phosphorus in the various divisions of the central nervous system 
with their phospholipid activities, it is desirable to express both 
sets of results on the same unit basis. In a previous communica- 
tion (3), the phospholipid activities of the various divisions of the 
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central nervous system of rats of different ages were expressed 
per gm. of tissue. These phospholipid activities have now been 
recaleulated per whole brain division, and as an example the phos- 
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Fig. 3. The phospholipid activity of the forebrain. The ordinates on 
the left refer to per cent of labeled phosphorus found as phospholipid per 
whole forebrain at intervals of 24 and 48 hours after the administration of 
radioactive phosphorus. O represents average values obtained at the 24 
hour interval, @ those obtained at the 48 hour interval. The growth of the 
forebrain is represented by the symbol @, and the ordinates for these values 


are shown on the right. 


pholipid activities of the whole forebrain! in different sized rats 
are shown in Fig. 3. 


‘The phospholipid recovery per whole cerebellum, medulla, and spinal 
cord can be recalculated from the curves previously recorded (3) by multi- 
plying the phospholipid recovery per gm. by the weight of the brain division 
at each age. 
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Although it was stated that per gm. of tissue the highest phos- 
pholipid recovery for each brain division is found in the new born 
rat, recalculation of the data on the basis of whole brain division 
reveals that the maximum phospholipid activity in the case of 
the forebrain (Fig. 3) is found in the | week-old or 15 gm. rat. In 
the case of the spinal cord, cerebellum, and medulla, the highest 
activities occurred in the 2 week-old or 25 gm. rat. Following 
this rise in phospholipid activity during the Ist and 2nd week after 
birth, there occurs a sharp decline in phospholipid activities of 
all brain divisions, which continues until the time the rat reaches 
a weight of 50 gm. Beyond this stage the decline in phospholipid 
activity proceeds slowly. 

In contrast to these phospholipid activities, the present study 
shows that the highest recoveries of total radioactive phosphorus 
are found in all four brain divisions of the new born rat. A similar- 
ity, however, is observed in the recoveries of laleled phospholipid 
and total phosphorus in that the decline that follows the maximum 
value is precipitous until the rat attains a weight of 50 gm. and 
thereafter the decline in both activities proceeds very slowly. 

The interesting correlation between deposition of total phos- 
pholipid (9) and phospholipid activities as measured with radio- 
phosphorus should be noted here. Thus, maximum deposition 
of total phospholipid in all parts of the brain occurs in rats between 
the weights of 15 and 30 gm., 7.e. between the ages of 1 week and 
a little over 2 weeks; during this same interval, the highest recovery 
of radiophospholipid was also found. 

Since the recovery of phospholipid P** represents only a small 
fraction (20 to 30 per cent) of the total P*? recovery, it is perhaps 
not surprising that the maximum phospholipid activities found 
in the forebrain of the 15 gm. rat and in the cord, medulla, and 
cerebellum of the 25 gm. rat are not reflected in their total phos- 
phorus activities. In the brain of the voung rat lipoid phos- 
phorus represents nearly one-third of its total phosphorus, whereas 
in the adult rat at least two-thirds of the total phosphorus of the 
brain is present as phospholipid (10). Despite this increase in 
the proportion of lipoid phosphorus to total phosphorus that occurs 
with growth, phospholipid recovery as measured with radioactive 
phosphorus never exceeds 30 per cent of the total P** recovered. 

The radioactive phosphorus used in this investigation was pre- 
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pared by members of the Radiation Laboratory under the direc- 
tion of Professor E. O. Lawrence, to whom our thanks are due. 


SUMMARY 


1. The recovery of total radioactive phosphorus in forebrain, 
cerebellum, medulla, and spinal cord was compared at 24 and 48 
hours after the administration of P*. 

2. The highest P*? recovery in all divisions of the central nervous 
system was found on the day of birth. 

3. From birth until the time the rat attains a weight of 50 gm.., 
a rapid decline in P* recovery was observed throughout the brain. 
As growth proceeds beyond 50 gm., the decline continues, but at 
a much slower rate. 

4. The recovery of P* is not uniform throughout the central 
nervous system. From birth until the time the rat attains a weight 
of 50 gm., it is highest in spinal cord or cerebellum. After this 
the relative activities of forebrain, cerebellum, and medulla rise 
steadily, and by the time a weight of 200 or 300 gm. is reached 
the recoveries in cerebellum, medulla, and forebrain exceed that 
in the cord. 

5. The labeled phosphorus present as phospholipid did not 
account for more than 20 to 30 per cent of the total labeled phos- 
phorus deposited in the brain. 
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A COLORIMETRIC REACTION FOR TESTOSTERONE* 


By VIRGIL L. KOENIG, FRANCISCA MELZER, CLARA M. SZEGO, 
anp LEO T. SAMUELS 
(From the Division of Physiological Chemistry, Department of Physiology, 
School of Medicine, University of Minnesota, Minneapolis) 


(Received for publication, June 19, 1941) 


Since the discovery of the sex hormones, there has been a great 
need for suitable rapid chemical methods for the quantitative 
estimation of these hormones in biological materials. Kober (4) 
in 1931 was the first to apply a color reaction to the quantitative 
determination of estrogens. By this technique Kober found that 
estrogens produced a red color when treated with phenolsulfonic 
acid and sulfuric acid. Later he (5) found 6-naphthol in con- 
centrated sulfuric acid to be superior to the original phenol reagent. 
Other workers (1-3) have studied the reaction as applied to 
estrogens and have made various modifications. 

It was while studying the Kober reaction that Szego and 
Samuels (6) discovered the value of guaiacolsulfonie acid as a 
reagent for estrone. Their technique was essentially that of 
Kober; namely, the development of color with concentrated sul- 
furic acid and a solution of potassium guaiacolsulfonate, com- 
mercially known as thiocol. When testosterone was tested with 
this thiocol reagent, a blue fluorescence was given. When copper 
or iron salts were present, a bright green color developed. The 
production of this bright green color by the action of thiocol reagent 
on testosterone offered a possible basis for a quantitative method 
specific for testosterone. Heretofore, the Zimmermann (7) 
reaction has been the only colorimetric method for androgens, and 


* Supported in part by the Department of Obstetrics and Gynecology 
and the University Health Service. 

Assistance in the preparation of these materials was furnished by the 
personnel of the Work Projects Administration, Official Project No. 165-1- 
71-124-(3), Sub-project No. 343. 
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it is not specific, since it is primarily a ketone reagent. Since the 
thiocol reagent seemed specific for testosterone, it was decided to 
study the reaction further. 


EXPERIMENTAL 

The specific directions for carrying out the reaction are as 
follows: A 10 ml. graduated test-tube containing the testosterone 
(either dry or in about 0.4 ml. of 95 per cent alcohol) is placed in 
an ice bath. 2 ml. of concentrated sulfuric acid are added and 
mixed with a footed stirring rod, care being taken to avoid spatter- 
ing. The tube is heated for 2 minutes in boiling water without 
stirring, and then placed in an ice water bath. After 5 minutes, 
2 ml. of saturated aqueous thiocol and 0.3 ml. of 1 per cent aqueous 
copper sulfate are added with stirring. The tubes are reheated in 
boiling water for 2 minutes. During this period they are stirred 
three times. The tubes are again placed in the ice water bath 
and diluted to the 10 ml. mark with 50 per cent sulfuric acid. 
After being transferred to a colorimeter tube, the solution is 
read against a blank containing the reagents, but not the hormone, 
in an Evelyn colorimeter equipped with a 635 mz filter. 

The production of the green compound apparently involves an 
oxidation. Some green color is produced if the solution without 
copper or iron salts is vigorously stirred in the boiling water bath. 
Copper sulfate is used to accelerate this reaction, because it pro- 
duces the most consistent results. When ferric chloride is used, 
the green color tends to fade when a small excess is added. A 
relatively large excess of copper sulfate can be added without any 
fading. Stronger oxidizing agents such as hydrogen peroxide 
and potassium permanganate destroy the green color. 

Better results are obtained when the thiocol is recrystallized 
from 60 per cent alcohol. Since thiocol is known to consist of two 
isomers, recrystallization further concentrates the predominating 
isomer, which is presumably the one that is responsible for the 
production of the color. 

The calibration curve in Fig. 1 shows the amount of light that 
is absorbed by various quantities of testosterone with the 635 mz 
filter. Each point on the curve represents the average of many 
readings. Those points which are off the curve indicate the degree 
of variation of the readings from the mean. For the smaller 
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amounts of testosterone the values vary only one or two points 
from the mean. For 40 y of testosterone the greatest variation 
from the mean is three or four points. The majority of the values 
of course fell on or very close to the curve. It seems that from 
40 to 80 y the curve veers from Beer’s law, and the extent of 
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_ Fig. 1. Calibration curve 
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Consistency of Colorimeter Readings for Simultaneous Determinations 








Colorimetric readings 
Testosterone 





| Determination 1 | Determination 2 | Determination 3 | Determination 4 


’ | | 
10 77 | 76 79 
79 | 77 77 
| | 77 
20 5d 53 54 
56 58 53 
54 
30 36 35 36 
38 37 37 
39 36 
10 27 27 
28 27 
27 





variation from the mean is about the same as for 40 y. Table I 
shows the colorimeter readings taken for several simultaneous 
determinations of various amounts of testosterone during 1 day. 
During a single series of determinations the readings seem to be 
quite consistent and remain quite consistent throughout the day; 
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however, from day to day the readings tend to vary more or less, 
As was indicated in Fig. 1, the variation is never more than three 
to four divisions on the colorimeter when the reaction is run with 
40 y of testosterone and is proportionate to the amount present. 
For this reason it seems best to run a standard of this strength 
along with the unknown. For accurate work the amounts in the 
unknown should then be determined from a curve based on the 
reading of the simultaneous standard. The curve of Fig. 1 was 
drawn from the average of a large number of values taken over a 
period of weeks. 

Out of fifteen compounds related to testosterone tested, only 
three compounds give a green color: testosterone oxime, tes- 
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Fig. 2. Absorption spectral curve of the colored compound 


tosterone propionate, and androstenedione. The first two are 
probably hydrolyzed in the reaction medium. 

Absorption spectral data indicate that the color produced by 
androstenedione is identical with that produced by equimolar 
concentrations of testosterone. The absorption curves for both 
substances are the same. Fig. 2 shows the absorption curve given 
by the testosterone reaction. The maximum absorption is at about 
6390 A. This absorption curve was obtained by plotting D 
versus wave-length. D is equal to —log 7. 7, or transmission, 
is the ratio, 7/1, where Jo is the incident intensity or the intensity 
of light passing through the blank, and J is the transmitted in- 
tensity or the intensity of light passing through the colored solu- 
tion. The values of J and J) were determined by means of a 
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photoelectric spectrophotometer. The colored compound is in- 
soluble in organic solvents except acetone. 

The following compounds have been tested and have been found 
to give negative reactions by the above procedure: ethynyl- 
testosterone, androsterone, dehydroandrosterone, A®°-androstene- 
diol-3-trans-17-cis, androstanedione-3,17, 3,11,17-androstane- 
trione, A‘-3,11,17-androstenetrione, 11-dehydro-17-hydroxycorti- 
costerone, pregnenin-17-diol-3,17, etioallocholanol-3(8)-17-one, 
progesterone, cholesterol, estradiol, estrone, and estriol. By in- 
specting the formulas of the compounds that do give the test, a 
very close relationship of the compounds to testosterone can be 


seen. 
OH oO 
CH,“ CH 
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Testosterone oxime Testosterone propionate 


When testosterone was determined in mixtures of androsterone 
and dehydroandrosterone, neither androsterone nor dehydro- 
androsterone interfered appreciably with the production of the 
testosterone color. Table IT gives the results obtained when the 
mixtures were tested. 
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A study of the recovery of testosterone from tissues and tissue 
extracts is in progress. 


The thiocol was kindly furnished by Hoffmann-La Roche, Ine. 
The authors are indebted to Dr. H. L. Mason, Dr. R. 1. Dorfman, 
Dr. F. C. Koch, and Dr. R. D. Shaner for supplying various 
sterols for testing. In obtaining the absorption spectral curves 
for testosterone and androstenedione the authors are indebted 


TABLE II 


Behavior of Testosterone Reaction in Presence of Androsterone 
and Dehidroandrosterone 


40 > testosterone with Pa na terone 

per cent Y 

27 10) 

10 » dehydroandrosterone 26 42 
20 ‘ 5 27 40 
a0 ** - 25 A4 
hee ™ 23 iS 
10 ‘‘ androsterone 25 44 
a *° ro 25 44 
30°‘ - 26 42 
40 *‘ " 26 42 
40 * " + 10 y dehydroandrosterone 28 39 
40 * ¢‘ + 20“ ' 25 44 
40 “ ‘ + 30“ ” 26 42 
40 ” + 40“ * 26 42 


to Dr. E. 8. Miller for the use of the photoelectric spectropho- 
tometer. 
SUMMARY 


A color reaction has been developed for testosterone. Of the 
eighteen compounds besides testosterone tested, only A‘-andro- 
stenedione-3 ,17, testosterone propionate, and testosterone oxime 
give the reaction. 

From absorption spectral studies of the colored compound, it 
has been found that its maximum absorption is at about 6390 A. 

Androsterone and dehydroandrosterone do not interfere ap- 
preciably with the testosterone color when mixtures are studied. 
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DETERMINATION OF CHLORIDES IN BIOLOGICAL 
FLUIDS BY THE USE OF ADSORPTION 
INDICATORS 


THE USE OF EOSIN FOR THE VOLUMETRIC MICRODETERMI- 
NATION OF CHLORIDES IN ACETONE FILTRATES OF 
BIOLOGICAL FLUIDS 


By ABRAHAM SAIFER,* JAMES HUGHES, anp FRANK SCUDERO 


(From the Chemistry Division of the Department of Pathology, Queens General 
Hospital, Jamaica, New York) 


(Received for publication, July 15, 1941) 


Although both Fajans and Wolff (1) and Kolthoff and his co- 
workers (2, 3) have pointed out that eosin is an excellent indicator 
for the titration of bromides, iodides, and thiocyanate in acid 
solution (particularly in acetic acid medium), Kolthoff (4) has 
also stated that eosin is so strongly adsorbed in the presence 
of AgCl, even in the presence of chloride ion, that it can- 
not be used in the titration of chloride ion.' Yet a large 
number of other investigators (6-10) have published data which 
prove that under suitable conditions, e.g. organic solvents, acid 
solutions, etc., eosin can be used as an adsorption indicator for 
the titration of chloride ion with silver nitrate even in fairly 
strong acid media (pH 0.5 to 2.0). One of the most interesting 
of these papers is that of Burg (10), who points out that accurate 
end-points can be obtained, with eosin as an indicator, if an organic 
solvent such as methyl alcohol is present and if the solution is 
weakly acidic. 

Because of the somewhat contradictory evidence which has 
appeared in the literature on this subject, the authors have in- 
vestigated the problem of the use of eosin as an adsorption in- 


* Present address, Chemistry Laboratory, Flushing Hospital, Flushing, 
New York. 
t Present address, Chemistry Department, College of the City of New 
York, New York. 
1See also Fajans (5). 
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dicator in argentometric titrations. It was found that good results 
could be obtained if the titrations were performed in organic media. 
For the authors’ purpose, 7.e. microtitrations of chlorides in bio- 
logical fluids, acetone proved to be the best substance, both be- 
cause of its ability to precipitate proteins readily to give a water- 
clear extract and because of the extremely sharp end-point it 
gave with the indicator. It was also found that unlike dichloro- 
fluorescein (11), eosin in acetone solution was not readily affected 
by strong oxidizing agents such as hydrogen peroxide. This ex- 
perimental fact was found to be especially useful for the determina- 
tion of whole blood chlorides. 

With the exception of the paper by Rose (9), who uses a mixed 
eosin-dichlorofluorescein indicator for macrotitrations of chlorides 
in urine, no mention has been found in the literature of the use of 
eosin as an adsorption indicator in the titration of chlorides in 
biological fluids. 

This paper gives the conditions under which rapid, accurate 
microtitrations of chlorides may be performed in acetone filtrates 
of various biological fluids when dilute solutions of AgNOs are 
used as the titrating medium and eosin as the adsorption indicator. 

EXPERIMENTAL 

Solutions— 

Standard NaCl, 0.1 N solution. 0.01 and 0.02 N solutions of 
NaCl were prepared by dilution of the 0.1 N solution. 

Standard AgNOs, 0.1 N solution. 0.01 and 0.02 N solutions of 
AgNO; were prepared by dilution of the 0.1 N AgNO 3. These 
dilute solutions were standardized against the standard sodium 
chloride as follows: 1.0 ml. of 0.02 N NaCl was pipetted into a 
test-tube of convenient size (6 X } inch). 0.5 ml. of 10 per cent 
H.O2, 7.0 ml. of acetone, and 2 drops of eosin indicator were 
added. The samples, run in triplicate, were titrated with 0.01 
or 0.02 wn AgNO; with a 5.0 ml. micro burette calibrated in 0.01 
ml. divisions. At the end-point the solution changed from a light 
pink to a dark purplish pink or mauve color. 

Hydrogen peroxide, 10 per cent solution. Diluted from 30 
per cent H,O» or superoxol (chloride-free). 

Acetone, reagent grade (chloride-free). 

Eosin indicator, 0.02 per cent in 50 per cent alcohol. 

Acetic acid, 50 per cent water solution. 
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Analysis of Whole Blood Chlorides—Pipette 0.2 ml. of whole 
blood from a standardized 0.2 ml. micro pipette (calibrated to 
contain) into a 15 ml. centrifuge tube. Rinse the pipette free of 
cells with two 0.2 ml. portions of distilled water and two 0.2 ml. 
portions of 10 per cent H,O.. Transfer the washings to the cen- 
trifuge tube. Dissolve the red blood cells by gently shaking the 


TaBLe I 
Determination of Chlorides in Whole Blood (0.2 ML. Samples) 











Adsorption | a Sa Risenman 
Sample No. indicbine ow ee ee ee _< Error 
| Added Recovery | 
mg. per cent mg. per cent mg. per cent mg. per cent per cent 

474.0 | | 478.0 

474.0 476.0 

474.0 | 476.0 

(474.0) | (477.0) —0.63 
2 462.0 467 .0 

456.0 470.0 

462.0 | | 467.0 

(460.0) | (468.0) —1.7 
3 480.0 484.0 

485.0 | 484.0 

485.0 | 478.0 

(483.0) | (482.0) +0.21 
4 448.0 585.0 590.0 

448.0 585.0 | 585.0 

448.0 585.0 590.0 

(448.0) | (585.0) | (588.0) +0.51 
5 454.0 | 585.0 | 580.0 

454.0 | 585.0 | 580.0 

448.0 | 585.0 | 585.0 

(452.0) (585.0) (582.0) —0.52 





The figures in parentheses are averages for the groups 


tube and add 7.0 ml. of acetone immediately. Stopper the tube 
with a clean rubber stopper and shake vigorously. Remove the 
stopper and centrifuge the tube at high speed (above 2000 R.P.M.) 
for about 5 minutes. our off the clear supernatant fluid into 
a large test-tube (6 X # inch) which had been previously rinsed 
with acetone. Rinse the surface of the tightly packed precipitate 
with two 0.5 ml. portions of acetone and transfer to the large test- 
tube. Add 2 drops of the eosin indicator and titrate with the 
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0.02 N AgNO; to the first definite mauve coloration appearing 
throughout the solution. 


Sample No. 


Ww 


tw 


. Serum 


. Serum 


3. Serum 


. Serum 


. Plasma 


Plasma 


Plasma 


Plasma 


Adsorption 
indicator 
method 


mg. per cent 
612.0 
612.0 
612.0 
612.0) 
629.0 
629.0 
626.0 
(628.0 
597.0 
592.0 
592.0 
(594.0) 
574.0 
574.0 
567 .0 
(572.0) 
650.0 
642.0 
645.0 
(646.0) 
620.0 
620.0 
625.0 
(622.0) 
467 .0 
463.0 
474.0 
(468.0) 
580.0 
580.0 
585.0 
(582.0) 


TABLE II 
Chloride Determinations in Blood Serum or Plasma (0.2 M1. Samples) 


Recovery of added NaCl by 
adsorption indicator method 


Added 


mg. per cent 


585.0 
585.0 
585.0 
(585.0) 
585.0 
585.0 
585.0 
(585.0) 


585.0 
585.0 
585.0 
(585.0) 
585.0 
585.0 
585.0 
585.0) 


Recovery 


mg. per cent 


585.0 
592.0 
580.0 
(586.0) 
585.0 
585.0 
580.0 
(583.0) 


585.0 
590.0 
580.0 
(585.0) 
580.0 
590.0 
585.0 


(585. Wy) 


Van Slyke 
digestion 
method 


mg. er onal 
617.0 

617.0 

614.0 

(616.0) 
635.0 
20.0 

630.0 

628.0) 


650.0 
648.0 
648.0 
(649.0) 
628.0 
625.0 
625.0 
626.0) 


The figures in parentheses are averages for the groups. 


Error 


per cent 


—0.65 


t0.0 


+-0.17 


-0. 64 


+0.0 


+0.0 


Recoveries were determined in the same manner as above after 
known amounts of standard NaCl solution were added to the whole 
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blood samples. The results were checked against those obtained 
with Eisenman’s method (12) with 1.0 ml. whole blood samples. 
A typical set of results is given in Table I. 

Analysis of Blood Serum, Plasma, Cerebrospinal Fluid, or Pleural 
Fluid—Pipette 0.2 ml. of serum, plasma, cerebrospinal fluid, or 
pleural fluid into a 15 ml. centrifuge tube by means of a calibrated, 


TaBLe III 


Chloride Determinations in Cerebrospinal Fluid or Pleural Fluid 
(0.2 Ml. Samples) 








Recovery of added | 
| Adeception NaCl by adsorption | Caldwell- 

















Sample No. indicator indicator method Moyer Error 
method Str: @ | method 
Added Resovery | 
mg. per cent! mg. . par onal mg. per centlma. per woe per cent 
1. Spinal fluid 700.0 709.0 | 
700.0 | 699.0 | 
696.0 699.0 | 
(699.0) (702.0) —0.43 
2. Spinal fluid 647.0 655.0 
655.0 | 651.0 
653.0 | 651.0 
(652.0) (652.0) | +0.0 
3. Spinal fluid 778.0 | 585.0 590.0 
783.0 585.0 | 585.0 
790.0 | 585.0 | 580.0 | 
(784.0) | (585.0) | (585.0) +0.0 
4. Spinal fluid 765.0 585.0 590.0 | 
765.0 | 585.0 | 590.0 | | 
760.0 585.0 580.0 | 
(763.0) | (585.0) | (587.0) | | +0.34 
1. Pleural fluid | 590.0 588.0 | 
590.0 | 588.0 
| §96.0 580.0 
(592.0) (585.0) +1.2 


The figures in parentheses are averages for the groups. 


mark to mark type, Ostwald-Folin pipette. Add 0.5 ml. of dis- 
tilled water, 0.5 ml. of 10 per cent H.Os, and 7.0 ml. of acetone. 
Stopper the tube with a rubber stopper and shake well. The rest 
of the procedure is exactly as given for the whole blood determi- 
nations. 

Recoveries were determined in the same manner as above after 
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known amounts of standard sodium chloride solution were added 
to the serum or plasma. The results for serum and plasma were 
checked against those obtained with the Van Slyke (13) open 
Carius modification of the Volhard method with 1.0 ml. samples 
for the nitric acid digestion. The results of the runs are given in 
Table Il. The results for spinal fluid and pleural fluid were 
checked against those obtained by the Caldwell-Moyer (14) 
modification of the Volhard procedure in which nitrobenzene is 
used to remove the precipitated silver chloride and sharpen the 
end-point. A set of recoveries was run for the cerebrospinal 
fluids. The results of these analyses are shown in Table ITI, 
DISCUSSION 

The solutions of AgNOs used in these runs were checked against 
the standard NaCl by the well known Volhard procedure as well 
as by the method of Saifer and Kornblum (15) in which dichloro- 
fluorescein is used as the adsorption indicator in alcohol-ether 
media. Both of these methods gave results which checked closely 
with those obtained by the eosin-acetone method. 

The fact that large amounts of H.O, have no effect on the end- 
point of the eosin-acetone method was used to advantage in the 
whole blood method, the H,O, being used to break up and dissolve 
all the chlorides out of the red cells. It was also found experi- 
mentally that 0.5 ml. of 50 per cent acetic acid in an approximate 
volume of 9.0 ml. served to sharpen the end-point considerably 
(except for whole blood), the color change being from colorless to 
purplish pink or mauve rather than the usual change of very light 
pink to mauve. Although acetic acid could be used for this pur- 
pose with plasma, serum, cerebrospinal fluid, or pleural fluid, it 
did not give good results with whole blood titrations. 

In checking the adsorption indicator method against well 
known procedures, such as the Eisenman, Van Slyke, or the 
Caldwell-Moyer procedure, blanks and standards were run to 
determine whether the reagents contained noticeable amounts of 
chloride. Blank corrections were made whenever necessary. 

The method as described is rapid, precise, and gives excellent 
recoveries of added NaCl. The results given in Tables I to IIl 
for various biological fluids show an average error of less than 
+1 per cent and a maximum error of less than +2 per cent. 
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SUMMARY 


A rapid, precise method is presented for argentometric micro- 
titrations of chlorides in acetone filtrates of various biological 
fluids with eosin as an adsorption indicator. The method may be 
used in acid solution, e.g. acetic acid, above pH 1 or in the presence 
of oxidizing agents, e.g. H,O2, and gives excellent recoveries of 
added NaCl. 

Chlorides in whole blood, plasma, serum, cerebrospinal fluid, 
and pleural fluid have been determined with an average error of 
less than +1 per cent. 
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COENZYMES FOR GLYOXALASE 


By OTTO K. BEHRENS* 
(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 
(Received for publication, August 16, 1941) 


In 1932 Lohmann (1) first demonstrated the réle of glutathione 
as the coenzyme for glyoxalase in the conversion of methylglyoxal 
to lactic acid. Lohmann, moreover, demonstrated that reduced 
glutathione was extremely specific in its réle as coenzyme. Oxi- 
dized glutathione, cysteine, thioglycolic acid, hydrogen sulfide, 
hydrocyanic acid, hydroxyquinoline, citrate, and pyrophosphate 
were all found to be inactive. To the list of inactive substances 
Woodward (2) added thioneine and ascorbic acid. 

On the basis of iodometric titrations Kiihnau (3) postulated the 
theory that glutathione and methylglyoxal form a combination. 
Jowett and Quastel (4) presented further evidence indicating that 
glutathione and methylglyoxal combine reversibly. Their evi- 
dence led them to suggest that the addition compound served as 
the substrate for glyoxalase according to the following equation. 
H.O 


CH,;—CO—CHO + GSH = CH;—CO—CHOH—SG 
glvoxalase 


CH,;—CHOH—COOH + GSH 


Experiments carried out by Platt and Schroeder (5) supported 
the view that the addition compound is the intermediate in the 
formation of lactic acid from methylglyoxal as catalyzed by 
glyoxalase. The simple addition compound was isolated and 
analyzed by Schubert (6). In a recent study of the kinetics of 
glyoxalase activity, Petrovicki (7) reported that the addition 
compound of glutathione and methylglyoxal prepared according 
to Schubert’s directions was only very slowly acted upon by 

* Lalor Foundation Fellow, 1939-40; present address Lilly Research 
Laboratories, Eli Lilly and Company, Indianapolis, Indiana. 
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glyoxalase and could not be considered to be the intermediate. He 
concluded on the basis of his studies that the enzyme must itself 
be a part of any intermediate product. In view of this latter 
paper, it is evident that we cannot come to any final conclusion 
in regard to the nature of the intermediate. 

The work cited above, for the most part, supported the view 
that the sulfhydryl group played a necessary rdéle in the coenzyme 
action. It thus seemed likely that any further compounds pos- 
sessing such action would probably also be sulfhydryl-containing. 
That the sulfhydryl group was not in itself the only requirement 
for coenzyme action had already been demonstrated, as cysteine, 


TABLE | 
Rate of CO, Production in C.mm. per Hour 
Each column represents a series of experiments at the pH noted. 
The pH values in parentheses were determined with the glass electrode. 
Kach coenzyme was present in M/120 concentration. 


Glutathione 176 (7.4 168 (6.75) 0 (8.7) 
Asparthione 118 (7.8) 112 (7.20) 0 (8.6) 
Isoglutathione 57 (7.75) 60 (6.90) 0 (8.5) 
G athi ) . ; ai cai 

eriaterones 144 (6.80) 160 (6.85) 0 (8.6) 
Asparthione, 
Glutathi > . 

ee | 120 (6.90) 128 (6.10) 0 (8.55) 
Isoglutathione 
Asparthione ( 96 (7.60) 108 (6.40) 0 (8.6) 
Isoglutathione, 

7.5 


Blank | 12 (7.5) | 7 (6.8) 


thioglycolic acid, hydrogen sulfide, and thioneine were inactive. 
It was thus of interest to make use of compounds closely related in 
structure to glutathione to see whether they were capable of aet- 
ing as coenzymes. The compound, isoglutathione (a-glutamyl- 
cysteinylglycine), differing from glutathione only in that the 
glutamic acid residue is attached through the a-carboxyl instead 
of the y-carboxyl group, was made available through the work of 
du Vigneaud, Loring, and Miller (8). Asparthione (8-aspartyl- 
cysteinylglycine), the aspartic acid analogue of glutathione, has 
recently been made available through synthesis (9). These two 
compounds were found to be capable of acting as coenzymes for 
glyoxalase. As is shown by the values of the dissociation constant 
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obtained by use of the Michaelis and Menten equation (10), 
glutathione is the most effective of the substances tested (K, = 
74 X 10~*), followed by asparthione (K, = 3.7 X 107%) and 
isoglutathione (K, = 1.23 X 10-*). Lohmann (1) states that the 
optimum pH for the conversion of methylglyoxal to lactic acid 
in the presence of glutathione lies between pH 6.5 and 7.5. The 
pH optimum in the presence of asparthione or isoglutathione 
proved likewise to be broad and to lie in a similar range. In the 
presence of approximately optimal amounts of any two of the 
coenzymes the rate of enzyme action was intermediate between 
that found with the coenzymes used alone (Table I). This is to be 
expected if the coenzymes are simply competing reversibly one 
with another for combination with the enzyme or substrate 
or with an enzyme-substrate complex. The Vax. for the three 
substances as indicated by the extrapolated plots are very similar 
(glutathione 172, asparthione 161, and isoglutathione 143). 
This likewise provides strong evidence that all three of the sub- 
stances function in the same manner with no non-competitive 
effects. In contrast to asparthione and isoglutathione, cysteinyl- 
glycine was not effective as a coenzyme. 


EXPERIMENTAL 


The acetone-yeast to be used as the source of glyoxalase was 
prepared from fresh pressed bakers’ yeast (Standard Brands No. 
189) according to the procedure of Albert, Buchner, and Rapp 
(11). The dry preparation thus obtained was washed as suggested 
by Platt and Schroeder (5) and again dried by the acetone-ether 
treatment. The dry solid residue was preserved in the ice box, 
being made up into a 5 per cent suspension for use as needed. 
Methylglyoxal was prepared by heating acetone with selenium 
dioxide as described by Riley, Morley, and Friend (12). The 
methylglyoxal content of the solution obtained was determined 
as the m-nitrobenzoylosazone (13), and the solution was then 
diluted so as to contain approximately 5 mg. per cc. The gluta- 
thione, isoglutathione, and cysteinylglycine used in these experi- 
ments were crystalline synthetic products which were generously 
furnished by Professor Vincent du Vigneaud. The asparthione 
was likewise a synthetic product synthesized as described by 
Miller, Behrens, and du Vigneaud (9). 
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The conversion of methylglyoxal to lactic acid was measured 
manometrically in Warburg vessels in a manner similar to that 
described by Lohmann (1). In a side bulb were placed 0.1 ee. 
of 0.2 Nn NaHCO; and an aqueous solution containing approxi- 
mately 1.2 mg. of methylglyoxal. The reaction vessel contained 
0.4 ec. of 0.2 N NaHCOs, 0.3 ec. of a 5 per cent suspension of yeast, 
a solution of glutathione or of the substance being tested for 
coenzyme activity, and water to bring the total volume to 2.3 ce. 
The vessels were equilibrated with N». containing 5 per cent CO, 


0.055 
+ © lsoglutathione 
ecee a materi tt 
. j @- rthione 
| watt a 
X = Glutathione 
0.045 Ks = 74x 10"* 
/ Y 
0.040 f 4 
0.035 y 
y | 
R 0.030; / 
0.025 t 
0.020 f 
00S 7; = = 
0.010 “7 — 
0.005 
300 ©6600 )§=6©900 )=61200 ~=1500 1800 2100 
! 
A 
Fig. 1. Evaluation of Ky and Vyas... R = initial reaction velocity in 
e.mm. of CO, produced per hour; C = molal coenzyme concentration. 


at 25°, with shaking, and the contents of the side bulb were tipped 
into the reaction vessel. Readings were taken every 5 or 10 
minutes for several hours. It was observed that the rate became 
constant within 10 minutes and remained constant for the Ist 
hour or 1} hours, after which time some falling off of rate occurred 
owing to enzyme destruction. The total production of CO, 
corresponded closely to that required by the complete conversion 
of the methylglyoxal into lactic acid. Controls to which no 
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coenzyme was added produced COs, at a rate of about 12 to 14 
e.mm. per hour. 

The data were plotted (Fig. 1) in the manner suggested by 
Lineweaver and Burk (14). These authors have pointed out that 
when 1/R is plotted against 1/C, the ordinate intercept is 
1/V max, and the slope of the straight line is K,/Vmox., thus evaluat- 
ing K,. (K, is the dissociation constant for the substance s 
and the enzyme. Usually s refers to the substrate; however, in 
our case it refers to the coenzyme. R is the reaction velocity, 
C may represent the coenzyme concentration, and V ax. is a numer- 
ical constant representing the maximum velocity obtained when 
the enzyme E exists completely in the form Es.) It will be noted 
that with increasing higher concentrations of the coenzymes, the 
rate does not continue to increase as might be expected from the 
curve, but reaches a maximum and indeed tends to decline, owing 
presumably to some incidental effect. Platt and Schroeder (5) 
describe this as “a slight toxic effect.”’ 


I wish to express my appreciation to Professor Vincent du 
Vigneaud, at whose suggestion the problem was undertaken, and 
to Professor Dean Burk for helpful advice in carrying out this 
work. 

SUMMARY 


Both isoglutathione (a-glutamylceysteinylglycine) and as- 
parthione (6-aspartyleysteinylglycine) have been demonstrated to 
be capable of acting in lieu of glutathione as coenzymes for the 
action of glyoxalase in transforming methylglyoxal to lactic acid. 
The pH optimum for the enzyme action proved to be broad and 
to lie in a similar range for all three substances. Asparthione 
(K, = 3.7 X 10-*) was somewhat less effective than glutathione 
(7.4 X 10~), and isoglutathione (1.23 X 10-?) was considerably 
less effective. In the presence of optimal amounts of any two of 
the coenzymes the rate of enzyme action was intermediate between 
that found with the coenzymes used alone. The extrapolated 
maximum velocities were approximately the same with all three 
coenzymes. These two facts signify that all three of these co- 
enzymes function in a similar manner. Cysteinylglycine was 
without effect as a coenzyme. 
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EFFECT OF DIET ON GLUCOSE ABSORPTION BY THE 
RAT 


By ROBERT GORDON SINCLAIR anp R. J. FASSINA 


From the Department of Biochemistry, Queen’s University, 
Kingston, Canada) 


(Received for publication, August 18, 1941) 


Although the nature of the mechanism involved seems still to 
be poorly understood (1), it has long been accepted as a fact that 
the absorption from the intestine of the common hexoses, glucose, 
galactose, and fructose, is an active process rather than a passive 
diffusion. In 1933 MacKay and Bergman (2) suggested that the 
efficiency of the process of glucose absorption was influenced by the 
composition of the maintenance diet. Rats fed on a high carbo- 
hydrate diet appeared to absorb glucose more rapidly than those 
fed on a high fat diet. The following year Westenbrink (3) demon- 
strated quite conclusively that the composition of the previous 
diet exerts a profound effect on the rate of absorption of glucose, 
fructose, and galactose by the rat. 

From the work of Wesson (4), of Wesson and Burr (5), and of 
Burr and Beber (6) it appears that rats that are suffering from 
a deficiency of the essential unsaturated fatty acids have an ab- 
normal carbohydrate metabolism in that, immediately after its 
ingestion, they convert an excessive amount of sugar into fat. 
Later this synthesized fat is all burned and the net result is an 
extremely emaciated rat practically devoid of depot fat. 

We were curious to learn to what extent the excessive con- 
version of glucose into fat might be due to an abnormally rapid 
absorption of glucose from the intestine. Having on hand a num- 
ber of rats that had been raised on a high carbohydrate, low fat 
diet (Diet 3 (7)), we determined the rate of glucose absorption. 

It was found that these absorbed about 1} times as much 
glucose as the stock controls. On the other hand, feeding the 
same high carbohydrate, low fat diet to a group of mature rats 
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for 3 weeks or more caused no significant change in the rate of 
glucose absorption. Evidently the stock ration (Purina Fox 
Chow) was sufficiently rich in carbohydrate so that the elimination 
of practically all fat from the diet had no effect on the efficiency 
of the mechanism involved in glucose absorption. If, however, 
mature rats were changed from the stock ration to one very 
rich in fat and low in carbohydrate, their capacity to absorb 
glucose was decidedly diminished. These results suggest that the 
excessive rate of glucose absorption by the rats that had been 
raised on the high carbohydrate diet may indeed have been a con- 
sequence of the deficiency of the essential unsaturated fatty 
acids. 


EXPERIMENTAL 


The procedure used to determine the rate of glucose absorption 
was that developed by Cori (8). After a 48 hour or a 24 hour 
fast, the rats were given orally a measured volume of a glucose 
solution. 1 hour later the rats were killed and the unabsorbed 
glucose was recovered from the gastrointestinal tract by washing 
with water. The glucose in the wash water was determined by 
Bertrand’s method. 


Results 


The essential data obtained on six groups of rats have been 
summarized and condensed into Table I. The statistics ¢ and P 
have been calculated according to the method of Fisher ((9) p. 
114). FP indicates the probability that the rates of glucose ab- 
sorption by the two groups are identical. 

The males in Group A were intended to serve as controls with 
which to compare the ten males in Group B that had been raised 
on the high carbohydrate, low fat diet. In the early stages of the 
work, we were disturbed by the high degree of variability in the 
rate of glucose absorption. We suspected some fault in technique, 
and, while we were trying to detect and eliminate it, the number 
of animals used became larger than had been intended. It pres- 
ently became apparent that the variation from one day to another 
was in general greater than from one animal to another on the same 
day. We are inclined to believe that one important factor in- 
volved in the variability among animals was the temperature and 
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humidity of the room in which the experiments were carried out. 
On a day of high temperature and humidity the rats were languid 
and the rate of glucose absorption was likely to be depressed. 

When the experiments on the rats in Group B were finally begun, 
it was at once found that these animals would not stand a 48 hour 


TABLE I 
Effect of Diet on Glucose Absorption by Rat 








Glucose per 100 








gm. body weight Difference 

, No of Final = en 

Group Dietary regimen “145 body Per t P 

weight — 100 

Fed | Absorbed |¢ gm. | 

iroup| body | 

weight) 
gm. mg. mg. mg. 

A* Purina Fox 25 o | 257 | 622 | 120+ 48 F 51 | 3.79|<0.001 
Chow 
F “< " 14 9 | 204 | 634 | 171 + 20 


k Fasted to ll o | 209 | 454 172427 F l 
70% of 
weight 

B Raised on 10 o& | 167 | 752 | 267477) “ 96  4.48/<0.001 
high car- 
bohydrate, 
low fat diet 

C High carbo- 12 oo | 249 | 595 | 157245) “ 14 | 1.03) 0.3 
hydrate, 
low fat for 
3 wks. or 
more 

D High fat, low 1! 394 109+ 21 “ 62 | 8.35)/<0.001 
carbohy- C 48 4.00)<0.01 
drate for 3 
wks. or 
more 


a) 
bo 
a 





* This group was fasted for 48 hours; all others were fasted for 24 hours. 


fast. These rats had already lost some weight and were not in 
good condition. Accordingly it was felt necessary to shorten the 
preliminary fasting period to 24 hours. And, in view of the 
findings of Cori (10) that rats fasted for 24 hours absorb glucose 
more rapidly than those fasted for 48 hours, it was necessary to 
set up another group of controls. As sufficient males of a suitable 
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size were not available, we were forced to use females. Both 
Cori (8) and MaeKay and Bergman (11) have found that the rate 
of glucose absorption is the same in males and females. Our data 
indicate that rats fasted for 24 hours (Group F) absorb, on the 
average, about 40 per cent more glucose in 1 hour than rats fasted 
for 48 hours (Group A). 

It will be seen that the rats in Group B, that had been raised 
from weaning age on the high carbohydrate, low fat diet, absorbed 
on the average 96 mg. more glucose per 100 gm. of body weight 
than the controls in Group F. The difference is clearly significant. 
Now, the rats in Group B, as a consequence of the prolonged 
deficiency of the essential unsaturated fatty acids, had already 
_ declined somewhat from their maximum weight. In view of the 

fact that the absorbing capacity of the intestine is presumably a 
function of its size, we wondered if it were possible that the higher 
rate of absorption of glucose by the rats in Group B was due mainly 
to the loss in body weight, assuming that the active absorbing 
mass of the intestine did not decline in proportion to the loss in 
weight. We thought to test out this possibility by fasting stock 
rats until they had lost about 30 per cent of their body weight and 
then determining their rate of glucose absorption. However, it 
was found that such rats, after a prolonged fast, could not tolerate 
the customary dose of glucose. A profuse diarrhea developed, 
often within 20 minutes, even after the administration of as little 
as 0.5 ec. of 50 per cent glucose solution. A single feeding of the 
stock ration restored their tolerance to the extent that 2 cc. of 
50 per cent glucose solution could be given without the diarrhea 
developing. Accordingly, the eleven males in Group E were 
fasted until they had lost 30 per cent of their initial weight and 
then were fed for 1 day on the stock ration. They were then fasted 
for 24 hours and given 2 cc. of 50 per cent glucose solution. It 
will be seen from Table I that these males absorbed on the average 
172 mg. of glucose per 100 gm. of body weight. Their absorption 
coefficient is the same as that of the controls in Group F. It 
appears evident therefore that the absorbing capacity of the 
intestine decreased with the decline in body weight. 

MacKay and Bergman (11) have claimed that it is more correct 
to express the absorptive capacity of the animal in terms of its 
surface area than its weight. This may well be true for animals of 
widely different ages and therefore weights; but it does not have 
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any real advantage for mature animals differing by as much as 
100 gm. or more in weight. Group F was actually made up of two 
subgroups; one ranged from 172 to 191 gm. and averaged 180 
gm.; the other ranged from 205 to 304 gm. and averaged 249 gm. 
The former absorbed an average of 174 + 21 mg. and the latter 
168 + 21 mg. per 100 gm. of body weight. 
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To study further the effect of diet on the rate of glucose ab- 
sorption, a group of stock males was placed on a high fat diet, and 
another group on a high carbohydrate diet (Diet 3). The high fat 
diet consisted of casein 28.1, salt mixture (12) 6.3, veast 14.4, com- 
mercial hydrogenated fat 51.2 per cent. The high carbohydrate 
diet consisted of casein 17.1, sucrose 70.3, salt mixture 3.8, yeast 
8.8 per cent. Both diets were supplemented by 1 drop of per- 
comorph oil daily. 
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The data in Table I show clearly that the high carbohydrate 
diet did not increase the rate of glucose absorption above that of 
the controls (Group F). The high fat diet, on the other hand, 
decreased the absorptive capacity of the intestine very materially, 
thus confirming the findings of others (2, 3). 

In Groups A, F, and E the amount of glucose fed ranged from 
300 to 970 mg. per 100 gm. of rat. Fig. 1 quite clearly confirms 
the fact first established by Cori (8) that the amount of glucose 
absorbed bears no relationship to the amount of glucose fed. 
Fig. 1 also brings out strikingly the wide variability in the ab- 
sorptive capacity of the intestine from one rat to another within 
the same group. 


SUMMARY 


Rats which had been raised from weaning age on a high carbo- 
hydrate, low fat diet and which were suffering from a deficiency 
of the essential unsaturated fatty acids absorbed 14 times more 
glucose per 100 gm. of body weight than a control group of stock 
animals. Mature rats fed for 3 weeks or more on this same high 
carbohydrate diet did not show any change in their capacity to 
absorb glucose. Mature rats fed for 3 weeks or more on a high 
fat diet showed a pronounced decrease in their rate of glucose 
absorption. 
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THE MODIFICATION OF CUPRIC CHLORIDE CRYSTALLI- 
ZATION PATTERNS BY TRACES OF PROTEINS 


By DANIEL LUZON MORRIS ann CAROL TILDEN MORRIS 
(The Putney School, Pulney, Vermont) 
PLATE 1 


(Received for publication, August 1, 1941) 


In a recent paper on the isolation of glycogen from maize (1), 
it was stated, “The cupric chloride crystallization pattern of gly- 
cogen is very similar to, but not identical with, that of sweet corn 
extracts. However, the crystallization pattern of the glycogen 
preparations from sweet corn is indistinguishable from that of 
glycogen from animal sources.” The implication was that some- 
thing which modifies the crystallization pattern occurs, together 
with glycogen, in the sweet corn. The nature of this “something” 
was made clear during attempts to purify the polysaccharide re- 
sponsible for the crystal pattern obtained with extracts from oats 
(ef. (2)). 

In the course of the purification of the oat seed polysaccharide, 
no significant change occurred in the crystal pattern when the 
preparation was precipitated from water by alcohol, acetone, or 
basic lead acetate. The pattern of a crude oat extract, and of 
preparations so precipitated, is shown in Fig. 1. When the prepa- 
ration was precipitated from water by the addition of acetic acid, 
however, the pattern was that of Fig. 2, which has few recognizable 
points of similarity with the “‘oat pattern.’’ It seemed possible 
that a little protein had been carried through the early steps of the 
purification, but was removed by the acetic acid treatment. Ac- 
cordingly a trace of egg albumin was added to some of the acid- 
treated preparation; the resulting pattern, Fig. 3, was indistin- 
guishable from a “‘normal’’ oat pattern. 

Since the addition of protein to the oat polysaccharide had such 
a pronounced effect, an attempt was made to see how the glycogen 
pattern would behave under similar circumstances. None of the 
usual methods for the purification of glycogen made any funda- 
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mental change in the pattern, which was of the type shown in 
Fig. 4. When, however, corn glycogen was subjected to repeated 
acetylation and saponification, a different pattern was obtained 
(Fig. 5). As in the case of the oat preparation, the addition of g 
very little protein (of the order of 0.5 per cent) resulted in the 
normal glycogen pattern, and of a little more (of the order of 1.5 
per cent), the accentuated pattern shown in Fig. 6. The differ- 
ences between these patterns are more clearly shown by the pheto- 
micrographs in Figs. 7 and 8. By adjustment of protein concen- 
tration, patterns closely resembling those of crude corn extracts 
could be obtained. 

Liver glycogen could not be brought to the point at which it gave 
the “‘pure glycogen” pattern (Fig. 5), even by repeated acetyla- 
tion and saponification. The pattern was never very different 
from that of Fig. 4; but addition of 1.5 per cent of protein to it 
resulted in the heavily branched pattern of Fig. 6. Starch which 
had been twice acetylated and saponified gave a pattern which 
differed from the normal in color and texture. The differences ob- 
served in this case are not evident in photographs. With protein 
the normal pattern was restored. 

[t was found that polyvinyl alcohol, a synthetic polymer, gave 
with cupric chloride a definite crystal pattern which was also 
found to be radically affected by the addition of proteins. Figs. 
9 and 10 show the result with the pure alcohol, and Figs. 11 and 12 
show the effect of the addition of a trace of egg albumin. 

In all the cases mentioned, extremely small amounts of proteins 
give observable effects. The amount required seems to bear no 
relation to the amount of polysaccharide, but only to the total 
amount of cupric chloride. 0.5 gm. of cupric chloride is used on 
each plate, and 0.1 to 0.3 mg. of protein seems to be the most 
effective amount to add in the case of most of the polysaccharides 
tried. As little as 0.01 mg. (0.05 per cent) can be detected in the 
case of glycogen, and as much as | mg. (200 per cent in the case 
of the oat preparation) can be added without entirely obliterating 
the polysaccharide patterns. 

The protein effect is quite non-specific. It is given about equally 
well by crystalline egg albumin, the water-soluble globulin of oats, 
erystalline oat globulin, whole blood, tobacco mosaic virus, and 
certain enzyme preparations. 
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The question naturally arises as to whether other substances 
have an effect comparable to that of the proteins. Since proteins 
markedly affect the surface tension of water, the effect of other 
surface-active substances was investigated. Organic solvents, 
such as acetic acid, toluene, or ethyl acetate, have no noticeable 
effect. The commercial wetting agent, Aerosol (which itself gives 
a pattern) produced an effect which was obviously a superposition 
of its own pattern on that of the pure polysaccharide. Commer- 
cial sodium taurocholate gave an effect similar to that of the pro- 
teins, but only when an excessive amount (3 mg.) was used. This 
quantity was so large that it suggested the possibility of con- 
tamination with adventitious protein. Consequently synthetic 
sodium taurocholate was used, and was found not to be effective 
at any concentration. Instead, like Aerosol, it gave a superposi- 
tion of its own pattern (irregularly placed long crystals) upon that 
of the polysaccharide (see Fig. 13, with oat polysaccharide). 

In contradistinction to these substances, the addition of protein 
to polysaccharide produces not two superposed patterns, but one 
integrated one, in which the protein pattern is entirely submerged 
unless the protein is present in great excess. In the latter case, 
superposition may be observed, and the polysaccharide pattern 
may even be obliterated. Proteins alone give a pattern like that 
of Fig. 14. 


EXPERIMENTAL 


General Procedure—The crystallizations were carried out by the 
methods described previously (2). Solutions to be tested were 
added to water and stock cupric chloride solution, so that the final 
concentration of cupric chloride was 0.5 gm. in 8 ec. The poly- 
saccharide and protein solutions were mixed before the addition of 
the cupric chloride, in order that this latter might not prevent 
formation of addition compounds (cf. (3)). The mixtures were 
poured on flat bottom dishes, and allowed to evaporate sponta- 
neously at constant temperature (27—29°) in a closed room. 

Preparation of Addenda—For the oat preparations, ground oat 
seeds were extracted with water at room temperature. To the 
filtered and boiled extract were added 2 volumes of alcohol. The 
precipitate was dissolved in water, and precipitated by the addi- 
tion of 2 volumes of glacial acetic acid. 
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The glycogen samples were prepared as described in an earlier 
paper (1). 

Any crude starch may be used, either natural, as a paste, or 
‘soluble’ by being boiled with alcoholic hydrochlorie 


made 
acid (4). 

The egg albumin had been recrystallized three times. 

Crystalline oat globulin was prepared as described by Os. 
borne (5). 

A preparation of oat seed protein which has properties con- 
venient for the present purpose has been prepared as follows (it 
appears to be somewhat similar in properties to one described by 
Osborne (6) as Preparation 20): Ground oat seeds were extracted 
with 5 per cent salt solution, and the filtered extract was dialyzed 
until it was nearly (but not entirely) salt-free. The precipitated 
globulins were separated in the centrifuge and washed once with 
very dilute salt solution. The product was dissolved in 5 per cent 
salt solution, filtered, and the filtrate was saturated with salt, 
The white precipitate which separated was washed twice with very 
dilute salt solution and dissolved to form an opalescent solution in 
distilled water. To this, 0.2 N acetic acid was added until it 
became clear (at about pH 5). This was filtered, and 0.2 N am- 
monia was added until the globulin precipitated, at about pH 6.2. 
The preparation may be further purified by repeated solution and 
precipitation near pH 6 with the use of 0.02 N reagents. A solu- 
tion of this protein in 0.02 N acetic acid seems to keep indefinitely 
under toluene at room temperature, or the protein may be pre- 
cipitated with acetone and dried. 

Acetylation and Saponification—The polysaccharides were acety- 
lated by the method of Haworth, Hirst, and Isherwood (7) with 
pyridine and acetic anhydride. In each case the crude acety! 
compound was dissolved in ethyl acetate, filtered, and precipitated 
with alcohol. It was usually found necessary, after the second 
acetylation, to add a little ammonium acetate to the ethyl! acetate- 
alcohol mixture to coagulate the opalescent sol that was formed. 

The reprecipitated acetyl derivative was washed with alcohol 
and saponified by being shaken with 0.5 N alcoholic potassium 
hydroxide solution for half an hour; after this the alkali was neu- 
tralized with acetic acid, and the recovered polysaccharide was dis- 
solved in water and reprecipitated with alcohol. 
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SUMMARY 


Minute quantities of proteins can greatly modify the cupric 
chloride crystallization patterns produced by polysaccharides and 
similar substances. This modification is apparently not due en- 
tirely to surface tension effects. 

The specificity of the patterns so far described appears to be 
due to the polysaccharides, whereas the action of the proteins is 
entirely non-specific. 

The protein effect seems to depend upon the total amount of 
protein present, rather than on the proportion of protein to poly- 
saccharide. 


We wish to express our gratitude to the American Association 
for the Advancement of Science for a grant-in-aid; and for ma- 
terials, suggestions, or both, to Dr. H. T. Clarke and Dr. F. 
Cortese of the College of Physicians and Surgeons of Columbia 
University, Dr. E. A. Hauser of the Massachusetts Institute of 
Technology, Dr. M. A. Lauffer of The Rockefeller Institute for 
Medical Research, and Dr. H. B. Vickery of the Connecticut Agri- 
cultural Experiment Station. 
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EXPLANATION OF PLATE | 


Cupric chloride crystallization patterns. 

Fig. 1. 0.2 ce. of an extract of oats with 5 parts of water 

Fig. 2. 0.5 mg. of the oat polysaccharide precipitated with acetic acid. 

Fic. 3. The same, plus 0.1 mg. of egg albumin. 

Fia. 4. 20 mg. of glycogen, purified by precipitation with acetic acid. 

Fia. 5. 20 mg. of glycogen, twice acetylated and saponified (0.006 per 
cent nitrogen). 

Fic. 6. The same, plus 0.3 mg. of egg albumin. 

Fic. 7. Two portions of the plate of Fig. 5. X 4. 

Fig. 8. A portion of the plate of Fig.6. X 4 

Fic. 9. 10 mg. of polyvinyl alcohol. 

Fig. 10. A portion of the plate of Fig. 9. X 4. 

Fig. 11. 10 mg. of polyvinyl alcohol plus 0.1 mg. of egg albumin. 

Fic. 12. A portion of the plate of Fig. 11. X 4. 

Fic. 13. 0.5 mg. of the oat polysaccharide plus 3 mg. of sodium tauro- 
cholate (synthetic). 

Fia. 14. 0.1 mg. of egg albumin. 

Note: Figs. 1, 2, 3, 4, 5, 6, 9, 11, 13, and 14 are about one-fourth actual 


size. 
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GROWTH FACTORS FOR BACTERIA 


XIII. PURIFICATION AND PROPERTIES OF AN ELUATE FACTOR 
REQUIRED BY CERTAIN LACTIC ACID BACTERIA* 


By B. L. HUTCHINGS, N. BOHONOS, ano W. H. PETERSON 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison) 


(Received for publication, August 16, 1941) 


Recent work on the nutrient requirements of Lactobacillus casei 
« has shown that the essential growth factors of unknown com- 
position other than those found in hydrolyzed casein may be sup- 
plied by yeast extract and can be separated by adsorption on 
norit A into the filtrate and eluate fractions. The filtrate fraction 
ean be replaced by biotin, thus leaving only the eluate fraction as 
unknown. Snell and Peterson (1) in preliminary work on this 
fraction reported that the compound had some acidic properties 
but basic ones predominated. More recently Stokstad (2) has pre- 
pared a concentrate of the factor which because it contained nitro- 
gen, phosphorus, a pentose, and guanine led him to the conclusion 
that the active compound is a nucleotide. The factor was par- 
tially replaceable by thymine and guanine. However, this report 
does not contain adequate data for establishing the purity of the 
preparation and its identity with that of the growth factor. That 
the preparation must have contained much impurity is shown by 
the note of Mitchell, Snell, and Williams (3) who reported a frac- 
tion more than 100 times as active as Stokstad’s preparation. 
Their fraction contained no phosphorus, which excludes the possi- 
bility of the factor being a nucleotide. It contained nitrogen and 
from diffusion experiments appeared to have a molecular weight 
of about 500. The Texas group believe their preparation is essen- 


* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. 

This work was supported in part by a grant from the Wisconsin Alumni 
Research Foundation. 
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tially a pure compound and, since they obtained it from a leafy 
material, propose to call it “folic” acid. This name appears un- 
warranted as the factor was first obtained from veast and js 
abundant in liver, milk, peptone, and many other natural ma- 
terials. It would seem more appropriate to defer naming the 
factor until its chemical identity has become established. 

Recently Hutchings ef al. (4) have presented evidence to show 
that the fractions which are active for the bacteria also contain a 
factor required by the chick. Parallel concentration and inactiva- 
tion strongly suggest that the bacterial and chick factors are 
identical. 

In this paper we wish to present an improved method for the 
concentration of the factor and additional observations on its 


nature and biological importance. 


EXPERIMENTAL 


The bacteriological technique and basal medium are the same 
as those used previously. Similarly, | unit of activity is defined 
as that amount of material which must be added to 10 ee. of 
medium to produce half maximum fermentation. 

The procedure for the preparation of purified concentrates of 
the norit eluate factor is as follows: | kilo of solubilized liver 
powder' is dissolved in 20 liters of water. The solution is adjusted 
to pH 3.0 with concentrated sulfurie acid, Filter Cel is added, and 
the flocculent precipitate is filtered off. 200 gm. of norit A are 
added to the filtrate and stirred for | hour. The solution is fil- 
tered and the filtrate discarded. The norit is suspended in 2 liters 
of 50 per cent ethanol, stirred 40 minutes, filtered, and the filtrate 
discarded. The norit is suspended in 5 liters of 10 per cent am- 
monia and 50 per cent ethanol and stirred at 70° for | hour. This 
is repeated once. ‘The combined eluates are concentrated to dry- 
ness. The material contains 1 unit in | y and represents a yield 
of 60 per cent. It is dissolved in enough water to contain 20 mg. 
per ec. and the solution adjusted to pH 3.0 with sulfuric aeid. 
The flocculent precipitate which forms is filtered off and superfiltrol 


! The solubilized liver fraction is that portion of an aqueous liver extract 
preeipitated from solution by addition of ethanol to 70 per cent concentra- 
tion, then rendered water-soluble by enzyme action. We wish to thank 
Dr. David Klein, of The Wilson Laboratories, Chicago, for this preparation. 
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equivalent to twice the weight of the solids in the filtrate is added. 
The suspension is stirred | hour, filtered, and the filtrate discarded. 
The superfiltrol cake is suspended in 4 liters of the ammonia- 
ethanol mixture and eluted twice at room temperature for 1 hour 
each time. ‘The eluates are combined and concentrated to dry- 
ness. ‘The material has an activity of | unit in 0.5 y and represents 
a 70 per cent yield of the previous fraction. It is dissolved in water 
and again adsorbed on norit A and eluted with the ammonia- 
ethanol mixture. On a dry basis this eluate has 1 unit in from 
0.09 to 0.1 y and contains about 60 per cent of the activity of the 
preceding fraction. ‘The over-all yield is 24 per cent and the 
factor has been concentrated 180 to 200 times. 


Miscellaneous Properties of Norit Eluate Factor 


Acid and Alkali Stability -Material having an activity of 1 unit 
in 0.4 y loses 75 per cent of its potency on heating with 1 N H.SO, 
at 125° for 15 minutes. With 1 N NaOH under similar conditions 
only 25 per cent of the activity is destroyed. With 1 N HSO, 
at 100° almost 30 per cent of the activity is lost in 4 minutes. 
After the initial large loss of activity there is just a steady decrease 
as shown in Table I. 

Since the factor is acidic in nature it was thought that acid 
lability might be due to lactone formation. However, the in- 
activated material could not be regenerated by treatment with 
sodium hydroxide and hence this change appears to be excluded. 

Precipitation with Heavy Metals—With material containing 1 
unit of activity in 0.4 y and in 5 per cent concentration, the factor 
was completely precipitated by mercury, zinc, and copper, from 
50 to 75 per cent by silver, cadmium, and barium, and about 20 
per cent by calcium and nickel. Zine is the only metal offering 
enough selectivity to be of aid in purification and has been used in 
certain purification operations. Barium-ktOH precipitations have 
not vielded clear cut separations. 

Precipitation with Certain Specific Reagents-—-The factor is not 
precipitated by ammonium rhodanilate, ammonium reineckate, 
flavianic acid, picrolonic acid, or picric acid. Since these are well 
known basic precipitants, this is some evidence that the factor is 
less basic than was previously thought. 

Adsorbents—-The factor is much more strongly adsorbed at acid 
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than at neutral or alkaline pH. For this reason all adsorptions 
have been carried out at pH 3.0. The factor is quantitatively 
adsorbed on norit, fullers’ earth, superfiltrol, and to a lesser degree 
on aluminum hydroxide Cy, aluminum oxide, and anthranilie acid, 
With the last three substances, either because the factor is too 
tenaciously held or is destroyed in the process of adsorption, it has 
been possible to elute only a small portion of the original activity, 

Solubility—The factor is insoluble in all the common organic 
solvents with the exception of glacial acetic acid, formamide, and 
dioxane (only slightly soluble). 

Treatment with Enzymes The norit eluate factor is not destroyed 
by pepsin, trypsin, ficin, veast peptidase, or a commercial prepara- 
tion of phosphatases. Of interest is the fact that the factor is 


ABLE | 
Acid Lability of Eluate Facto: 


mung SS H:SOx Weight having 1 unit activity Destruction 
mén. SY per cent 
0 0.21 
4 0.30 29.8 
s 0.325 35.3 
16 0.36 $1.6 
32 0.38 44.6 


generally found associated with the above proteins. It is also 
present in considerable amounts in vitamin-free casein (Labeo). 
Although it exhibits marked acid lability when in the free state, 
the activity of casein is not destroyed unless the casein is com- 
pletely hydrolyzed, suggesting that the factor is an integral part of 
the protein and does not become subject to attack until the protein 
is completely broken down. 

Effect of Reducing and Oxidizing Agents — The factor is rather 
labile to reducing and oxidizing reagents. ‘The data are sum- 
marized in Table If. In all experiments the material contained 
1 unit in 0.45 y and was in a | per cent solution. 

Evidence of Acidic Nature of Factor--With a ten cell electrodialy- 
sis apparatus similar in design to the one described by Williams 
and Waterman (5) and when a 110 volt 50 milliampere direct cur- 
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rent was applied, the active material was concentrated in the acidic 
cells. This demonstrates that the acidic properties of the factor 
are predominant. This conclusion is based on the fact that the 
current applied was too small to bring about electrolysis. An 
electrostatic field was produced in which the compounds oriented 
themselves according to their potentials, which are measures of 
their acidity or basicity. 

The activity was destroyed by esterification with EtOH-HCI at 
room temperature and regenerated by hydrolysis with sodium 
carbonate. Only 50 per cent of the activity was recovered. The 
loss was not due to incomplete hydrolysis of the ester but is attrib- 


Tase Il 
Stability of Factor to Reduction and Oxidation 











Reagent Treatment Loss 
per cent 
Pt-H, | Atmospheric pressure for 8 hrs. | 48.0 
at pH 7.0 
Sodium hydrosulfite (0.04 m) 90° for 1 hr. at pH 3.0 or 7.0 21.0 
Ferrous sulfate (0.02 m) ro" £°% 2 * FS 23.0 
Hydrogen sulfide l hr. at pH 3.0 33.0 
aS, Oe 16.0 
peroxide, 1% | 90° for L hr. at pH 7.0 84.0 
0.1% o “1% « «@ 99 33.0 
0.01% oe “}% * “Vee None 
Potassium ferricyanide (0.02m) 90° “1% “ * 70 = 


uted to the destruction of the factor by the HCI before esterifica- 
tion. These two experiments lead to the conclusion that the factor 
is predominantly an acid and that at least part of the acidity is due 
toa carboxyl group. The inactivity of the ester of this acid is in 
agreement with other observations that esters are generally un- 
available to this organism; ¢.g., inactivity of esters of pantothenic 
acid (6) and biotin.’ 

Evidence for Presence of an Amino Group—The activity is de- 
stroved by nitrous acid (83 per cent in 1 hour), indicating the 
presence of a free amino group. ‘The activity is also destroyed by 
acetic anhydride or benzoyl chloride in the presence of pyridine. 


* Shull, G. M., Hutchings, B. L., and Peterson, W. H., unpublished data. 
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However, it has been impossible to regenerate by various teeh- 
niques of hydrolysis more than a few per cent of the original 
activity. This resistance to hydrolysis is typical of benzoyl or 
acetyl groups attached to nitrogen. These reactions indicate, but 
are not conclusive proof, that there is an amino group in the 
compound and that it is necessary for biological activity. 
Evidence against Nucleotide Theory As has already been men- 
tioned, Stokstad believes the active compound is a nucleotide, 
If it can be shown that the organic phosphorus present is not 
necessary for the activity of the compound, it would be evidence 
against the view that the active compound is a nucleotide. De- 


Taste Ill 
Relation of Phosphor us Content lo Activity 


Treatment civic | soem | leeeee |auee 
phe 4 Y per mg. y per mg. percent | per cent 
None 0.21 33.18 
1 w H.SO, at 100° 
4 min. 0.30 | 33.18 | 2.08 | 6.2 29.8 
g 0.325 | 33.18 | 5.02 | 15.1 35.3 
ii 0.36 33.18 9.54 | 28.8 41.6 
_ ee 0.38 33.18 | 13.30 | 40.2 14.6 
Clarase equivalent to one-half 
weight of material; pH 4.5 at 40 
for 48 hrs. 0.21 33.18 | 32.24 | 97.4 None 


struction of the activity with acid and liberation of phosphorus are 
not necessarily related. Proof of this ean be attained by a different 
method for the liberation of the phosphorus. For this purpose the 
commercial enzyme preparation ‘“‘clarase,’’’ which has a_ high 
phosphatase content, was chosen. The results of the acid and 
enzyme hydrolysis studies are summarized in Table IIT. It ean 
be seen that the acid destruction and phosphorus liberation are 
not parallel and that the phosphorus does not seem to be necessary 
for the activity of the compound. 

Biological Importance Certain representative lactic acid bae- 
teria were tested to see whether this compound was of general 


* Takamine Corporation, 132 Front Street, New York 
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nutritional importance within this group, the criteria being either 
that the bacteria needed the compound preformed in the medium 
or that they had the ability to synthesize it. This was done by 
measuring the growth obtained in the presence and absence of the 
factor. Those organisms that grew in the absence of the factor 
were then autolyzed and assayed. It was found that growth of 
Lactobacillus helveticus, Lactobacillus delbriickii, Propionibacterium 
pentosaceum, and Streptococcus lactis was stimulated by addition of 
the factor. Growth of Bacillus lactis acidi, Lactobacillus arabino- 
sus, Lactobacillus pentosus, Bacillus brassicae, Leuconostoc mesen- 
teroides, and Lactobacillus gayonit was not stimulated, but in every 
ease these organisms had synthesized significant amounts of the 
factor. This suggests that this compound plays an indispensable 
réle in the nutrition of these organisms. Recently this fraction 
has been found to stimulate the growth of the tetanus organism.‘ 
Mitchell, Snell, and Williams (3) report a slight growth increase 
when rats were fed concentrates of their active compound. Under 
very carefully controlled conditions we have not been able to secure 
any significant differences.’ The inability to secure a significant 
response may well be due to bacterial synthesis, as suggested by 
the Texas group. These facts together with the previous report 
of Hutchings et al. on its réle in the nutrition of the chick indicate 
that this factor will probably prove to be of nutritional importance 
in several fields of biology. 


DISCUSSION 


From the data presented certain tentative conclusions can be 
drawn. The precipitation, electrodialysis, and _ esterification 
studies demonstrate that the active principle is an acid. The de- 
struction with nitrous acid and inactivation on acetylation or 
henzovlation suggest the presence of an amino group. 

The factor is very labile to acid and reducing agents, somewhat 
more stable to alkali and oxidizing agents. We have not been able 
to account for any of these properties on the basis of functional 
groups present. 


‘ Personal communication from Dr. J. H. Mueller. 
* Hutchings, B. L., Bohonos, N., Oleson, J. J., Elvehjem, C. A., and 
Peterson, W. H., unpublished data. 
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The fact that activity does not depend on the phosphorus con- 
tent of the preparation leads to the conclusion that a nucleotide is 
not the active compound. 


SUMMARY 


A method for the preparation of concentrates of the norit eluate 
factor is presented. The active principle is an acid and probably 
contains an amino group. The nutritional importance of the 
compound is indicated by its indispensable rdle in the nutrition of 
certain bacteria and its probable requirement by the chick. 
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THE OXIDATION OF PHOSPHOLIPIDS IN THE PRESENCE 
OF ASCORBIC ACID AND CARCINOGENIC CHEMICALS* 


By H. F. DEUTSCH, B. FE. KLINE,t ano H. P. RUSCH 


(From the McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison) 


(Received for publication, July 7, 1941) 


The oxidation of phospholipids in the presence of glutathione 
and cysteine has previously been demonstrated (1, 2). More 
recently Rusch and Kline have shown that ascorbic acid, thiamine, 
riboflavin, pyridoxine, and methylene blue will also “catalyze” 
the oxidation of phospholipids (3). They also reported that the 
carcinogenic chemicals and related compounds will inhibit the 
oxidation. Of the various systems studied those containing as- 
corbic acid showed the most rapid rates of oxidation. Accord- 
ingly such systems have been studied in greater detail with par- 
ticular reference to the chemical changes taking place during the 
reaction and to the mechanism by which the carcinogenic hydro- 
carbons inhibit it. 


EXPERIMENTAL 


Aqueous solutions of ascorbic acid were added to phospholipid 
preparations suspended in dilute solutions of hydrochlorie acid in 
the presence or absence of a hydrocarbon, and the rate of oxygen 
consumption measured in an ordinary Warburg manometric ap- 
paratus as described previously (3). The amounts of ascorbic 
acid remaining and the iodine number of the phospholipid were 
determined at intervals. In addition, the effects of copper and 
hydroquinone on the system were measured. The ascorbic acid 
and the carcinogens used were crystalline commercial products, 
and the phospholipids were prepared from fresh rat livers. These 


* This investigation was aided by the Jonathan Bowman Fund for 
Cancer Research. 
+ Finney-Howell Research Fellow. 
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were dried by mincing with acetone in a Waring blendor, centri- 
fuging, and repeating the acetone extraction two or three times, 
The phospholipids were then extracted with 3 volumes of a 1:4 
aleohol-ether mixture and the extraction repeated twice. The 
solution was filtered and the solvent removed under reduced pres- 
sure. The residue was then dissolved in a small quantity of ether 
and precipitated with acetone, and the latter procedure repeated 
two or three times. The final precipitate was dried in a high 
vacuum over phosphoric anhydride and sealed in small evacuated 
tubes. 

For the preparation of the aqueous suspensions of phospholipids, 
known amounts of the lipid were dissolved in peroxide-free ether 
and added to a 0.00045 m HC! solution (pH 3.5) contained in 
Erlenmeyer flasks. Suction was then applied and the ether re- 
moved at 50° with vigorous shaking. Uniform phospholipid sus- 
pensions were thus obtained. The final pH was approximateiy 
1.0. Hydrocarbons or other carcinogens were introduced into the 
suspension by dissolving known amounts in ether, mixing 
thoroughly with the ethereal solution of phospholipid, and then 
adding the mixture to the HC! solution as just described. The 
inhibitors were usually present in the ratio of 100 y per 10 mg. of 
lipid—in other words as | per cent of the substrate. The lipid 
concentrations ranged from 5 to 30 mg. per cc. of the final reaction 
mixture. The final volume of the lipid suspension was adjusted 
to correct for volume decreases during the removal of the ether. 

Definite volumes of the lipid suspensions were accurately meas- 
ured into Warburg flasks, and a solution of 0.5 mg. of ascorbic acid 
added to each flask. Control flasks contained phospholipid alone 
or phospholipid plus 5 y of copper as CuSO,-5H.O. Each reae- 
tion mixture was placed in four different flasks. These were 
equilibrated for 15 minutes at 38°, after which two of the flasks 
from each series were removed and the contents immediately 
dried and stored under a high vacuum over phosphoric anhydride. 
The oxygen consumption of the remaining two samples was meas- 
ured for various periods, after which the partially oxidized samples 
were removed and also dried. For the determination of the iodine 
number, these lipids were dissolved in ether and precipitated with 
acetone; usually about 60 per cent of the original phospholipid was 
recovered, although recovery varied from 30 to 85 per cent. The 
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higher amounts were obtained when the acetone solution was 
placed in a refrigerator overnight. The iodine numbers were 
determined on 5 to 20 mg. samples of the dried phospholipid by 
Yasuda’s (4) micro modification of the Rosenmund and Kuhn- 
henn method (5). In some experiments the iodine numbers were 
determined on phospholipid not precipitated with acetone but on 
samples dried in vacuo directly after oxidation. Apparently the 
phospholipids obtained by this procedure were representative of 
the total phospholipid of the system, since essentially the same 
iodine numbers were obtained whether the amount of phospholipid 
recovered represented 30 or 85 per cent of the original amount 
present. In addition to the iodine number, other measurements 
made included the determination of the pH of the system, the 
amount of inorganic phosphate, and the amount of ascorbic acid 
present. A glass electrode was used for determination of the pH, 
and inorganic phosphorus was determined by a spectrophotometric 
modification of the Fiske-Subbarow method. Ascorbic acid was 
determined at the equilibration point and at half hour periods for 
4 hours by titrations with 2 ,6-dichlorophenol indophenol at pH 3.5. 

The change in iodine number was correlated with the oxygen 
consumption of the system corrected for the amount needed to 
oxidize the ascorbic acid to the dehydro form. These measure- 
ments were then compared with the theoretical amount of oxygen 
required to form an initial peroxide at the double bond. 


Results 


Typical curves of oxygen consumption, as observed with the 
small amounts of catalyst used in the present study, are shown in 
Fig. 1. A very slight but continuous oxvgen consumption was 
observed when lipid alone was being oxidized. The oxygen con- 
sumption was increased slightly by the presence of copper and 
markedly by the presence of ascorbic acid. The total oxygen 
consumption in & hours per mg. of lipid was 3.0 ¢.mm. when no 
catalyst was used, 9.0 ¢.mm. in the presence of 5 y of copper, and 
55.1 ¢.mm. in the presence of ascorbic acid. Since copper has been 
shown to catalyze the oxidation of various lipids (6) as well as that 
of ascorbic acid (7), it was necessary to determine the effect of 
copper on the phospholipid-ascorbic acid system. Oxygen con- 
sumption was actually decreased by the addition of copper (Fig. 1). 














532 Oxidation of Phospholipids 


In another experiment, an attempt was made to inactivate traces 
of copper by the addition of 3 mg. of glycine, but this had no effect 
on the oxygen uptake. From these findings, it appeared that the 
catalytic effect observed was not due to the presence of copper. 
Several experiments were performed in order to determine 
whether most of the oxygen uptake of the system emploved was 
due to the oxidation of the phospholipid or to that of ascorbic 
acid. In the first place, when ascorbic acid was allowed to au- 
toxidize at pH 3.5, the amount of oxygen consumed was only 
slightly greater than that required to change it to the dehydro 
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Fic. 1. Phospholipid oxidation in the presence of various substances. 
ach flask contained 10 mg. of phospholipid in addition to (Curve 1) phos- 
pholipid alone, (Curve 2) 5 y of Cu as CuSO,-5H.0, (Curve 3) 0.5 mg. of 
ascorbic acid, (Curve 4) second addition of 0.5 mg. of ascorbic acid after 4 
hours, (Curve 5) 0.5 mg. of aseorbie acid and 5 y of Cu as CuSO,-5H,O, 
(Curve 6) 0.5 mg. of aseorbie acid and 100 y of benzpyrene 


form (Table I). However, Lyman, Schultze, and King (7) have 
shown that ascorbie acid will oxidize slowly bevond the dehydro 
form with the production of COs if it is in the presence of copper 
at pH 4.5, but even this would not account for the total oxygen 
consumption. Furthermore, most of the ascorbic acid disappeared 
from the system in the first 2 hours (Fig. 2) and the rate of its 
decrease was inversely proportional to the oxygen uptake. Thus, 
in a system containing 10 mg. of phospholipid, only one-half of 
the ascorbic acid (0.25 mg.) was oxidized in 1 hour, while a total of 
approximately 200 ¢.mm. of oxygen had been consumed. Only 
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a small amount of this oxygen could have been utilized in the 
oxidation of ascorbie acid. In another experiment, an additional 
0.5 mg. of ascorbie acid was added to the phospholipid-ascorbic 
acid mixture after 4 hours, but only a slight increase in oxygen 


TABLE | 
Oxygen Upiake with Various Amounts of Phospholipid 
0.00045 N HCl at pH 3.5 to 4. 0.5 mg. of ascorbic acid per flask. 


Liver phospholipid O: consumption for 4 hrs. 
mg c.mm, 
0 35 
l 78 
2 120 
3 208 
5 260 
10 396 
26 532 
100 
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Fig. 2. Titration of aseorbie acid with dichlorophenol indophenol during 
the oxidation of phospholipid. Each flask contained 10 mg. of phospholipid 


and 0.5 mg. of ascorbie acid. 


uptake was noted (Fig. 1). Since the additional ascorbic acid 
was present in the side arm before being dumped into the rest of 
the system, its autoxidation would have added to the total uptake, 
yet prior to the mixing it was not sufficient to alter greatly the 
curve as compared to the control. This experiment also suggests 
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that the reduced form of ascorbic acid was necessary for catalysis, 
Data are presented in Table I which demonstrate that the amount 
of oxygen consumed was proportional to the level of phospholipid 
present. If the ascorbic acid was responsible for all or for most 
of the oxidation, this would not have been the case. Still more 
evidence in favor of the oxidation of phospholipid as being §re- 
sponsible for most of the oxygen uptake was demonstrated by the 
use of benzpvrene. This inhibited oxidation in proportion to the 
amount of hydrocarbon present (Fig. 3), vet had no effect on the 
rate of disappearance of the aseorbie acid. Thus it appeared 
that it was the oxidation of the phospholipid and not that of the 
catalyst which was interfered with in the presence of benzpyrene. 
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Fic. 3. The effect of varying the amount of benzpyrene on the oxygen 


consumption of phospholipid. Each flask contained 0.5 mg. of ascorbic 


acid and 10 mg. of phospholipid with varying amounts of benzpyrene. 


In the experiments which continued for 44 hours large amounts 
of phospholipid (63.85 mg.) were oxidized in the presence or 
absence of ascorbie acid (Table II). In the presence of ascorbic 
acid, no latent period was observed and oxygen consumption 
continued at a fast rate for 24 hours, after which there was a 
gradual slowing. In the absence of ascorbic acid, an induction 
period of roughly 8 hours was noted, after which the rate of 
oxygen uptake became more rapid, and after 18 hours it was 
approximately the same for both samples. It seemed probable, 
therefore, that ascorbic acid acted only as a catalyst in accelerat- 
ing the oxidation of the phospholipids and was not responsible for 
a marked increase in total oxygen consumption, 
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Since only a small part of the oxygen consumed was used in the 
oxidation of ascorbic acid, an attempt was made to account for 
the remainder of the oxygen required. It was assumed that some 
of the oxygen was used in oxidizing the unsaturated fatty acids of 
the phospholipid molecule. To test this correlations were made 
between the actual oxygen uptake and the calculated amount 
required to account for the observed change in the iodine number. 


TABLE II 
Correlation of Oxygen Uptake with Change in Iodine Number 
0.5 mg. of ascorbie acid per flask. 100 y of inhibitor per 10 mg. of phos- 
pholipid. 


— O» uptake per mg. 
i lodine No. |¢oy period oxidized 
Phospho- Oxida- | Inhibi- 


—_ | Inhibitor used EY Pee as an | toe 
oxide, onide- vothen Actual* 

mg. c.mm. c.mm., hre per cent 
13.11 78.4 48.9 26.0 25.2 6 

10.00 91.9 59.7 28.4 25.2 1 

11.67 91.4 56.4 30.9 30.5 4 
31.11 81.4 70.6 9.5 10.2 5 

25.8 96.8 81.3 13.7 13.8 4 

23.3 Benzpyrene 98.6 93.0 1.9 5.4 4 60.7 
23.76 Methyleholanthrene 85.0 71.8 11.6 11.1 3 22.3 
24.47. Aminoazotoluene 89.1 83.6 1.9 4.0 3 67.9 
26.67  Hydroquinone 87.5 | 85.3 1.9 1.3 3 S1.4 
32.41 Dibenzanthracene 8O.S 61.9 16.7 16.2 6 40.0 
63. 85t 90.8 | 65.0 | 22.8 | 22.0) 44 
63.85 88.9 | 56.5 28.6 28.4 44 


* Corrected for oxygen needed to oxidize ascorbic acid to the dehydro 
form. 
+t No ascorbie acid added. 


That these two values were reasonably close can be seen in Table 
Il. Thus when 13.11 mg. of phospholipid were oxidized for 
6 hours in the presence of 0.5 mg. of ascorbic acid, the actual up- 
take was 25.2 ¢.mm. This compares favorably to the calculated 
theoretical value of 26.0 ¢.mm. ‘To obtain the theoretical figure, 
corrections were made for the oxygen needed to oxidize the 
ascorbic acid to the dehydro form. Good correlations were found 
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between the theoretical and actual uptakes in samples showing 
inhibition induced by carcinogens and hydroquinone additions, 
The comparisons obtained with larger amounts of lipid (63.85 mg.) 
either in the presence or absence of ascorbic acid were also satis- 
factory. 

The phospholipid molecule appeared to remain intact during its 
oxidation, since no inorganic phosphate could be detected nor 
was there any change in the pH of the unbuffered substrate at 
any time during or after prolonged oxidation. However, that 
some change occurred in the oxidized phospholipid was indicated 
by the change in color from white to brown. Furthermore, the 
oxidized samples were not as readily precipitated with acetone 
and this difficulty was increased somewhat parallel to the degree 
of oxidation. Cloudy emulsions formed when ether solutions 
of the oxidized fractions were added to acetone and precipitation 
occurred only after the material had stood for some time in the 
cold. Even though the precipitation of the phospholipid was 
incomplete, all samples were apparently uniform and good correla- 
tions between actual and theoretical uptakes could be obtained 
with these samples as well as on those which were not precipitated. 
The changes in precipitability in acetone following oxidation may 
well be due to the addition of oxvgen to the fatty acid portion of 
the phospholipid molecule. 

The effect of various inhibitors on the phospholipid oxidation 
is seen in Table I]. Hydroquinone was the most effective in- 
hibitor, followed by aminoazotoluene, benzpyrene, 1 ,2,5,6- 
dibenzanthracene, and methyleholanthrene. Each experiment 
was repeated five to eight times and substantiates results previ- 
ously published (3). The type of curve obtained in the oxidation 
of phospholipid containing inhibitors was lower but otherwise 
similar to the curve observed with the uninhibited oxidation 
(Fig. 1). To test the effect of different amounts of benzpyrene 
on the oxygen consumption, the amount of phospholipid was kept 
constant, but the level of the carcinogen was varied from 10 to 
300 y per 10 mg. of lipid. Although greater inhibition was ob- 
tained with the higher levels, there was no apparent molar rela- 
tionship between the amounts used and the percentage inhibi- 
tion (Fig. 3). 

Benzpyrene appeared to interfere in some manner with the 
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physicochemical properties of the lipid, since following oxidation 
the character of the acetone precipitate was changed. Thus, the 
samples containing benzyprene were not only much darker in 
color, but in most cases even less recovery could be obtained by 
acetone precipitation as compared to oxidized samples free of 
bengpyrene. It appeared that the benzpyrene may have formed 
some sort of complex with the lipid which tied up the double 
bonds. In order to test this a system of lipid, ascorbic acid, and 
benzpyrene was shaken in an atmosphere of nitrogen for 20 hours. 
Since no change in iodine numbers resulted, it appeared that the 
effect observed depended on the presence of oxygen. 
DISCUSSION 

The catalytic action of ascorbic acid in the oxidation of phos- 
pholipid is unique, since various experiments have demonstrated 
its antioxygenic capacity. Golumbic and Mattill (8) have 
reported that ascorbic acid is an effective antioxidant for certain 
vegetable oils and also observed that it enhances the antioxygenic 
activity of tocopherols, hydroxychromans, hydroquinones, and 
related compounds. We have shown that the induction period in 
the autoxidation of ethyl linoleate has been increased by its 
presence (9). Others (10-12) have demonstrated that ascorbic 
acid retards the development of oxidative changes in milk and 
various other foodstuffs. In considering the different results 
observed by these workers, as compared to our findings with 
isolated phospholipids, it should be recalled that our experiments 
were performed in an aqueous acidified medium. Thus the 
ascorbic acid was in intimate contact with the phospholipid and 
also tended to remain in a reduced condition. However, the 
occurrence of the fatty acids as part of the phospholipid molecule 
may in itself be sufficient to permit a different reaction. 

The mechanism by which hydrocarbons inhibit the oxidation 
of phospholipids is still unknown. It appears that the mode of 
action involves the lipid phase of the system rather than the 
ascorbic acid, since the disappearance of the latter is unaffected 
by the presence of benzpyrene. Furthermore, our data indicate 
that the hydrocarbons inhibit the addition of oxygen to the 
phospholipid (Table I]). The importance of this inhibitory 
action in the mechanism of cancer formation is unknown. 
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SUMMARY 


1. The oxidation of phospholipids in the presence of ascorbic 
acid was studied with the aid of the manometric technique, and 
the effect of carcinogenic chemicals, hydroquinone, and copper 
on this system was observed. 

2. Phospholipid oxidation was catalyzed by the presence of 
ascorbic acid at pH 4. 

3: The catalyzed phospholipid oxidation was inhibited by the 
presence of carcinogenic chemicals and hydroquinone. 


The authors express their appreciation for the helpful advice 
and criticism of Dr. C. A. Baumann and Dr. F. W. Quackenbush 
of the Biochemistry Department. 
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It has been generally accepted that a concentration of 1 per 
cent sodium fluoride is adequate to prevent glycolysis in non- 
precipitated blood and that no appreciable glycolysis results if 
the blood proteins are precipitated within 5 minutes after the 
blood is drawn (1). Determinations of lactic acid in the blood 
precipitated within 5 minutes or preserved in | per cent sodium 
fluoride have vielded a range of 8 to 20 mg. per cent for normal 
subjects under basal conditions. 

We have had occasion to analyze pyruvic acid and lactic acid 
on the same blood samples. The analysis of pyruvie acid re- 
quires the use of iodoacetate as a stabilizing agent (2). The 
lactic acid values we observed in blood from normal fasting sub- 
jects at rest were found to be appreciably lower than those hitherto 
reported. We therefore reinvestigated the inhibitory effect of 
sodium fluoride and iodoacetate on glycolysis in human blood. 


Methods 


Drawing of Blood—The blood was drawn from the antecubital 
vein without stasis. If stasis were required to puncture the vein, 
the blood was drawn after the pressure on the arm had been 
released. The sodium iodoacetate used was prepared from 
iodoacetic acid (Eastman Kodak) (3) as a 30 per cent solution. 
The iodoacetate solution was measured into the syringe used to 
draw the blood and mixed with the blood in the syringe before 


* Aided by grants from the John and Mary R. Markle Foundation and 
the Williams-Waterman Fund of the Research Corporation. 
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delivery into the sampling bottles. The glucose and lactic aeid 
values observed were corrected for the dilution. The sodium 
fluoride was added to the sampling bottles as a 4 per cent solution 
and then dried to a powder over a hot-plate. 0.2 per cent potas- 
sium oxalate was used for all blood samples in addition to the 
preservative used. 

Analytical Methods — The blood sugar was estimated in an aliquot 
of 0.2 ce. of blood (2 ec. of blood filtrate) by a modification (4) 
of the Hagedorn-Jensen method, 0.002 instead of 0.005 N sodium 
thiosulfate being used for the final titration. The samples were 
analyzed in duplicate and the duplicate determinations never 
varied more than 0.7 mg. per cent. Non-fermentable reducing 
substances were determined by veast fermentation (5). 

For the lactic acid determination 15 ec. of blood were used. 
A 20 ce. aliquot of the carbohvdrate-free filtrate (representing 
1.6 ee. of blood) was determined according to Wendel’s modifiea- 
tion (6) of the method of Friedemann, Cotonio, and Shaffer (7). 
All determinations were made in duplicate or triplicate. 

In eleven analyses known amounts of lithium lactate were 
added, corresponding to a lactic acid concentration varying from 
3.0 to 12.5 mg. per cent. In six instances the blood contained 
0.2 per cent oxalate and recoveries varied from 92 to 104 per cent 
(average, 97 per cent). In the other five analvses the blood 
contained 0.2 per cent potassium oxalate, | per cent sodium 
fluoride, and 1 per cent sodium monoiodoacectate and 93 to 98 per 
cent (average, 95 per cent) of the added lactic acid was recovered. 

Experimental Method—In the present experiments we have 
estimated the glycolysis in human blood over a period of 4 hours. 
The blood was drawn without stasis and added to various con- 
centrations of iodoacetate or sodium fluoride. The blood proteins 
of an aliquot were precipitated (8) immediately and the filtrate 
was analyzed for glucose and lactic acid. A second aliquot was 
precipitated 4 hours later. 

Observations were made on the changes in non-glucose reducing 
substances with and without iodoacetate and sodium fluoride. 
We have repeatedly observed that there was no change in the 
non-glucose reducing substances of the blood during the 4 hour 
period of the experiment. We therefore feel that the values ob- 
served in the following experiments represent changes in the 


true glucose of the blood. 
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Results 


Effect of Sodium Fluoride on Glycolysis—The changes in the 
non-precipitated blood during 4 hours after withdrawal from the 
vein are presented in Fig. 1, A to E. It may be seen that various 
concentrations of sodium fluoride up to 2 per cent did not prevent 
completely the decrease in glucose nor the rise in lactie acid of 
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Fig. 1. Effeet of various coneentrations of sodium fluoride or sodium 
iodoacetate, and concentrations of both on the changes in sugar and lactie 
wid of human blood on standing at 20° for 4 hours. (All samples contain 


0.2 per cent oxalate.) 


the non-precipitated blood samples. In practically all cases the 
loss of glucose exceeded the rise of lactic acid. The averages of 
each group were analyzed by Fisher’s method (9) and were found 
to be statistically significant. In order to test the effect of sterility 
on glycolysis, we have analyzed a series of blood samples pre- 
served with | per cent sodium fluoride in which one aliquot was 
kept in sterile containers, and a second aliquot was left open to 
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the air. No difference was found between the fall in glucose 
concentration in the two sets of specimens in 4 hours. 

These observations do not agree with the results hitherto 
reported on the effect of sodium fluoride on glycolysis. Most 
of the previous investigators have estimated the rate of glycolysis 
from analyses of blood sugar values (10-15). These authors 
have used methods for blood sugar estimation inadequate to 
detect changes of the order of magnitude reported in this paper. 

Effect of Monoidoacetate on Glycolysis—It may be seen (Fig. 1, 
F and G) that the disappearance of glucose was inhibited by 
both 0.5 and 1.0 per cent iodoacetate, but neither concentration 


TABLE | 
Effect of 1 Per Cent Iodoacetate Plus Sodium Fluoride on Glycolysis within § 
Minutes after Blood Was Drawn 


Sample No. 1 2 3 4 5 6 7 8 9 
1% iodoacetate + 1% 

NaF 5.6 | 5.4) 7.0) 5.9 | 6.9 | 8.2 | 6.4 | 7.4] 6.5 
None 6.6 | 6.6 | 8.1 | 7.4 | 8.7 |10.0 | 7.2 | 7.4) 7.0 
Sample No. 10 11 12 13 14 15 16 17 18 
1% iodoacetate + 1% 

NaF 7.6 | 4.9 | 8.4 | 8.4 |18.3*| 7.9 | 5.3 | 6.8 | 5.8 
None 8.5 | 6.2 |10.4 | 8.0 19.5%) 9.3 | 6.5 | 7.2 | 7.2 


* No basal conditions. 


of iodoacetate completely stopped the glycolysis. In both there 
was a significant loss of glucose and rise in lactie acid in 4 hours. 

Effect of Todoacetate Plus Fluoride on Glycolysis-The rate of 
glveolvsis was studied on a series of blood samples preserved with 
| per cent sodium fluoride plus either 0.5 or 1 per cent iodoacetate 
(Fig. 1, H and J). There was a perceptible diminution of the 
rate of glucose disappearance in 1 per cent sodium fluoride plus 
0.5 per cent iodoacetate and practically complete preservation 
of the blood sugar and lactie acid could be accomplished with 
1 per cent sodium fluoride plus 1 per cent iodoacetate. The 
inhibition of lactic acid production was observed with the 0.5 
per cent iodoacetate plus 1 per cent sodium fluoride. 
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Lactic Acid Values in Blood Precipitated within 5 Minutes— 
Blood was drawn through a single needle into a dry syringe and 
added to enough oxalate in a sampling bottle to make the con- 
centration 0.2 per cent. An additional sample was drawn through 
the same needle containing a sufficient amount of iodoacetate to 
make a | per cent solution, and added to a sampling bottle with 
sufficient sodium fluoride and oxalate to give a final concentration 
of 1 per cent sodium fluoride and 0.2 per cent potassium oxalate. 
Both samples were precipitated within 5 minutes and lactic acid 
analyzed. The data are presented in Table I. It may be seen 
that the lactic acid values of most of the bloods containing iodo- 
acetate and sodium fluoride were appreciably lower than the 
sample without the preservatives, indicating that some glycolysis 
did occur in the first 5 minutes. 
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Fic. 2. Laetie acid concentration of normal human blood 


Normal Lactic Acid Values in Blood—It has been generally 
accepted that glycolysis can be prevented if sufficient sodium 
fluoride is added to make a 1 per cent solution. In the present 
report our observations do not confirm the previous findings, and 
we believe that the lactic acid values reported previously have at 
least two sources of error. The conversion of pyruvie acid to 
lactic acid occurs so rapidly that the ordinary method of drawing 
blood in a dry syringe would introduce an error regardless of the 
type of preservatives used (2, 16). In addition we have observed 
a perceptible rise of lactic acid in blood containing | per cent 
sodium fluoride before protein precipitation. We have therefore 
analyzed a large series of blood samples from resting patients for 
lactic acid, using the following precautions. The observations 
were made on patients at least 14 hours after the last food intake, 
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and after a rest of at least 1 hour in bed. Blood was drawn with- 
out stasis from the antecubital vein into a syringe filled with 
sufficient iodoacetate to make a 1 per cent solution. The blood 
was delivered into a sampling bottle with sufficient oxalate and 
fluoride to give a final concentration of 0.2 per cent oxalate 
and | per cent fluoride. The proteins were precipitated (8) 
within 5 minutes and the lactic acid analyzed. The results are 
presented in Fig. 2. It may be seen that the bulk of the deter- 
minations falls between 5 and 10 mg. per cent. The average of the 
58 determinations was 7.0 mg. per cent. 


SUMMARY 


1. The rate of glycolysis in human blood was estimated from 
the changes in glucose and lactic acid. Either iodoacetate or 
sodium fluoride alone did not stop glycolysis completely. Com- 
plete inhibition of glycolysis was observed with a mixture of 1 
per cent sodium fluoride and | per cent iodoacetate. 

2. When suitable precautions were used, it was found that the 
normal lactic acid values in human blood ranged from 5 to 10 


mg. per cent. 
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Cerebrosides are determined through measurement of the galac- 
tose set free by acid hydrolysis. In recent years most workers 
have employed the method of Kimmelstiel (1), or a modification 
thereof, and have used the procedure of Hagedorn and Jensen 
(2) for analysis of the galactose. 

Miller and Van Slyke (3) called attention to three disadvantages 
in the method of Hagedorn and Jensen referable to the titration 
by difference of the ferricyanide present before and after reduc- 
tion by the sugar. To avoid these drawbacks Miller and Van 
Slvke proposed a procedure based on direct titration with ceric 
sulfate of the ferrocvanide formed. Also by replacement of the 
zine deproteinization technique with a modification of the cad- 
mium precipitation procedure of Fujita and Iwatake (4) the non- 
fermentable reducing material in blood filtrates was reduced to 
practically zero. 

In selecting a method for the determination of cerebrosides in 
brain extracts we decided to incorporate the procedure of Miller 
and Van Slyke into the Kirk (5) modification of Kimmelstiel’s 
method. The procedure involves the following main steps: (a) 
hvdrolvsis, (b) neutralization, (¢) precipitation of interfering sub- 
stances, (d) oxidation with ferricyanide, and (e) titration of the 
ferrocyanide formed with ceric sulfate. No difficulty was ex- 
perienced with the determination of galactose by the Miller and 
Van Slyke procedure at steps (d) and (e), but much trouble was 
encountered in the preceding steps, especially in the hydrolysis. 
This experience might have been anticipated from the fact that 
almost everyone who has determined cerebrosides has employed 
a different procedure for hydrolysis. The difficulties attending 
cerebroside analysis are exemplified in a recent paper by Klenk 
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and Schumann (6) who report values from 10 to 15 per cent too 
low, obtained with a new and unpublished method in which 10 
per cent hydrochloric acid is used for hydrolysis. 

In the search for optimal conditions 170 samples of cerebro- 
sides have been analyzed with many different procedures and the 
recovery of 68 samples added to lipid extracts has been measured. 
Hydrolysis with hydrochloric acid (5) could not be combined with 
the cadmium clarification technique (4) at step (c) because, as 
would be expected, cloudy filtrates were obtained or cloudiness 
developed at step (d). With 3 N sulfurie acid instead of hydro- 
chloric acid clear filtrates were obtained but the filtration through 
cotton was slow. Some improvement was achieved by centri- 
fuging and filtering the supernatant suspension but later this 
cumbersome procedure was replaced by filtration through paper, 
with which clear filtrates, rapid filtration, and low blanks (if the 
paper is adequately washed) are obtained. 

Unfortunately this procedure could not be used because values 
consistently 10 to 15 per cent too high were observed when galac- 
tose was heated with 3 N sulfuric acid for 10 minutes in a boiling 
water bath. This result is not necessarily in disagreement with 
the fact, as pointed out by Thierfelder and Klenk (7), that the 
recovery of cerebrosides with the method of Loening and Thier- 
felder (8) (3 hours heating with 3 N sulfurie acid) is about 10 
per cent too low. With 1 N sulfuric acid the recovery of galactose 
was quantitative even after 24 hours heating, but the theoretical 
values could not be obtained on cerebrosides. With 10 minutes 
heating with 1 N sulfuric acid only about 67 per cent of the eal- 
culated amount of cerebroside was recoveted; after 24 hours the 
vield was about 90 per cent. 

We were forced by this result to return to the use of hydro- 
chlorie acid for hydrolysis, and, therefore, to give up the ead- 
mium (4) in favor of the zine (2, 5) clarification technique. How- 
ever, the filtration through washed paper was retained, as it was 
found to be faster than filtration through cotton and to give as 
uniform results. 

It has been impossible to confirm the finding of Kirk (5) that 
quantitative hydrolysis of cerebrosides may be achieved by heat- 
ing for 10 minutes with 3 N hydrochloric acid in a boiling water 
bath in a tube covered by a funnel with a sealed tip. In thirteen 
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determinations of pure cerebrosides with this procedure the maxi- 
mal recovery was 88.9 per cent (average 82.8 per cent). When 
the time of heating was extended to 0.5, 1, or 2 hours with the 
other conditions the same, values within +2 per cent of the theo- 
retical were observed in ten of twenty samples, but in the others 
the recoveries were from 4 to 17 per cent too low. In several 
instances one of two duplicate determinations gave the correct 
analysis, while the other, carried through at the same time under 
exactly the same conditions, yielded a low result. No reason for 
this variable behavior has been found. Galactose was recovered 
quantitatively, and about the same proportion of low values for 
cerebrosides was obtained with each of the three periods of heat- 
ing. Both correct and low values were yielded by each of the 
three cerebroside preparations (cf. foot-notes to Table 1) used. 

Incomplete emulsification was a possible explanation of the 
variation. It is difficult to evaluate this factor in the hydrolyzed 
samples because of the liberation of fatty acids, but in unhydro- 
lyzed samples, heated with water (1, 5), poor emulsification was 
frequently observed. Hence the effect of ‘purified sodium alkyl 
sulfate’’' as an emulsifying agent was tried. Although it had 
no demonstrable effect on the recovery of cerebrosides, it un- 
doubtedly improved the emulsification and, therefore, has been 
retained in the final procedure, with the thought that it could do 
no harm (it gives no blank) and might be of benefit in the analysis 
of unknown lipid extracts. 

In the original procedure of Kimmelstiel (1) hydrolysis of 
cerebrosides was accomplished by heating with 3 N hydrochloric 
acid in a tightly stoppered 50 ec. flask for 15 to 18 minutes in an 
oven at 112°. With this proceedure (15 minutes in an oven at 
110-115° in a stoppered 10 ce. volumetrie flask) very low values 
(about one-third of the theoretical) were obtained. When the 
flasks were placed in a previously heated sand bath in the oven 
for 15 minutes, the recovery was about 90 per cent. This result 
was ascribed to incomplete hydrolysis, since recovery of galactose 
was quantitative under the same conditions;? hence the time of 


''The “‘purified sodium alkyl sulfate’’ was supplied by The Procter and 
Gamble Company, Chemical Division, Ivorydale, Ohio. 

2 At a later date the recovery of galactose was determined again after 
heating with 3 x hydrochloric acid in a stoppered 10 ec. flask for 15 minutes 
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TaBLe I 
Determination of Cerebrosides 
Unhydrolyzed samples (see the text) were not included in these de- 
terminations, as it had been shown that there was no reduction of ferri- 


cyanide by these cerebrosides. 


Cerebroside 
Substance taken Galactose ¥ 
Found Recovery 
mg. per cent mg. per cent 

Brain 1.388 20.8 1.312 94.5 
cerebroside* 1.388 21.5 1.356 97.7 
1.388 21.9 1.382 99.6 

1.388 21.9 1.382 99.6 

Phrenosint 1.282 21.1 1.247 97.3 
1.282 22.1 1.306 101.9 

1.282 22.1 1.306 101.9 

1.282 22.2 1.312 102.3 

1.282 21.5 1.270 99.1 

1.282 21.3 1.258 98.1 

1.282 22.1 1.306 101.9 

1.282 22.0 1.300 101.4 

1.282 22.1 1.306 101.9 

Kerasint 1.422 21.8 1.396 98.2 
1.422 21.6 1.384 97.3 

1.360 21.9 1.342 98 .7 

1.360 22.1 1.35 99.6 

1.360 22.9 1.403 103.2 

1.360 22.6 1.385 101.8 





\verage 99.8 + 2.23 





* The brain cerebroside was prepared by the method of Page (10). It 
contained 0.13 per cent phosphorus for which correction was made as 
sphingomyelin. <A theoretical galactose content of 22 per cent was assumed 
in calculation of the recovery. 

t The phrenosin and kerasin were prepared by Dr. Erwin Chargaff 
They were free of phosphorus. The theoretical galactose concentrations 
are 21.7 and 22.2 per cent respectively. 


in a sand bath in an oven at 111-113°. The average recovery was 96.1 per 
cent, with a minimum of 93.4 per cent. From this result it is possible that 
the low cerebroside values represented, at least in part, a destruction of 
galactose. Our use of a smaller flask may have been responsible for our 
failure to confirm Kimmelstiel’s findings, although it is difficult to explain 
on this basis the very low recovery when the flasks were placed in the oven 


without immersion in hot sand. 
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heating was increased to 30 minutes with the other conditions the 
same. In twelve of twenty-three samples of cerebrosides the 
values were within 3 per cent of the theoretical; in the others the 
recoveries were from 4 to 14 per cent too low. Variation in the 
oven temperature was not responsible, since in several instances 


TaBLe II 
Recovery of Cerebrosides Added to Brain Lipid Extracts 


1 ec. of extract was taken for each determination. 


Cerebroside found 





Sample added Recovery 
In extract + In extract 
| added sample alone* 
mg. mg. mg. per cent 

Brain 1.388 2.048 0.678 | 98.7 
cerebroside 1.388 2.066 0.678 100.0 
Phrenosin 1.282 1.899 0.655 | 97.0 
1.282 1.899 0.655 97.0 

1.282 1.950 0.742 94,2 

1.282 1.932 | 0.655 99.6 

1.282 1.932 0.655 99.6 

1.282 1.932 0.655 99.6 

1.282 1.858 0.632 95.6 

1.282 1.899 0.632 98.8 

1.282 1.872 0.632 96.7 

Kerasin 1.422 2.097 0.657 101.3 
1.422 2.061 0.657 98.7 

1.360 2.0038 0.662 98.6 

1.360 2.003 0.662 98.6 

1.360 1.986 0.698 } 94.7 

1.360 2.032 0.698 98.1 

(Average . ; a Ln 98.0 + 1.87 


* Unhydrolyzed samples were not included, since the value would cancel 


out in calculation of the recovery. 


good and bad recoveries were obtained in duplicate samples carried 
through side by side under exactly the same conditions. De- 
struction of galactose occurring in some samples but not in others 
was probably responsible for the low values, since in four samples 
of galactose heated for 30 minutes under the same conditions 
yields of 99, 95, 91, and 98 per cent respectively were observed. 
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A recovery of about 80 per cent was yielded by both cerebrosides 
and galactose when heated in the oven for 1 hour. 

Presumably because of an experience similar to ours, Erickson 
et al. (9) intensified Kirk’s conditions for hydrolysis; the concen- 
tration of hydrochloric acid was increased from 3 N to 6 N, the 
time of heating in boiling water was increased from 10 to 15 
minutes, and tightly stoppered cylinders instead of open (funnel 
at top) tubes were used. With this procedure 97 and 98 per 
cent recovery was obtained in two samples of cerebrosides, but 
the recovery of cerebrosides added to brain extracts was 10 and 
15 per cent too low in two determinations. Furthermore values 
10 to 15 per cent too low were usually observed when galactose 
was carried through this procedure. 

From the foregoing experience it appears that under mild con- 
ditions, as in the Kirk procedure, there is danger of incomplete 
hydrolysis, while under more severe conditions, as in the Kimmel- 
stiel and Erickson methods, there is danger of destruction of 
galactose. In an attempt to find suitable intermediary condi- 
tions hydrolysis was carried out with 3 N hydrochloric acid in 
stoppered 10 ec. volumetric flasks for 30 minutes in boiling water. 
The results were mostly acceptable, though a few low values (up 
to 10 per cent) were obtained. An increase in the time of heating 
to 45 minutes vielded satisfactory results (Tables I and IT). 


EXPERIMENTAL 


Reagents 

6 N hydrochloric acid. 

Approximately 6 N sodium hydroxide (carbon dicxide-free). 
The titer should be slightly higher than 6 N. 

Approximately 1 N hydrochloric acid. 

0.1 N sodium hydroxide. 

0.1 per cent chlorophenol red in water. A few drops of 0.1 
sodium hydroxide are necessary to dissolve the indicator. 

0.1 per cent alkyl sulfate! solution. 

1.5 per cent zine sulfate (ZnSO,-7H20). 

Alkaline ferricyanide solution (3). 

Approximately 18 N sulfuric acid (3). 

Stock solution of ceric sulfate, prepared according to the method 
of Miller and Van Slyke (3) except that it is made 0.15 N. 
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0.003 N ceric sulfate solution. 2 ec. of stock solution and 5 ce. 
of 18 N sulfuric acid are diluted to 100 ce. 

0.1 per cent solution of alkali-fast erio green. 

Washed filter paper, 7 em. Either Whatman No. 41 or Seavy’s 
No. 106° paper is extracted in a continuous extractor (11) in a 
Pyrex percolator with water until the blank becomes constant 
(usually 35 to 40 hours). 


Method 


(a) Hydrolysis--Equal portions of a lipid extract containing not 
over 2.8 mg.‘ of cerebrosides are pipetted into two 10 ce. volu- 
metric flasks, with care that the entire sample is at the bottom 
of the flask. After removal of the solvent 2 ec. of alkyl sulfate 
solution are added to each flask, and also to two other flasks to 
be carried through the procedure as blanks. The flasks are 
stoppered and placed in boiling water for 5 to 10 minutes, with 
occasional swirling to emulsify the lipids. To one of the flasks 
containing lipids and to one of the blank flasks are added 2 ce. 
of 6 N hydrochloric acid; 2 ec. of water are added to each of the 
others. The flasks are swirled to mix the contents, stoppered 
tightly, and heated in boiling water for 45 minutes. 

(b) Neutralization—After cooling, 1 drop of the chlorophenol 
red® solution and 2 cc. of 6 N sodium hydroxide are added to the 
flasks containing hydrochloric acid. 1 N hydrochloric acid is 
added dropwise until the solution is acid (yellow) and the color 
is finally brought just to a definite purple by careful addition of 
0.1 N sodium hydroxide. 2 ce. of water are added to each of the 
other flasks to make the volumes approximately the same in all. 

(c) Clarification—-After cooling, 0.5 ec. of the zine sulfate solu- 
tion is added to each flask followed by 2 ce. of 0.1 N sodium hy- 
droxide. The samples are shaken vigorously. From this point 
either of two procedures may be used. (a) Water is added to 
the mark and the suspension is mixed and filtered through washed 


* This inexpensive, American made paper may be obtained from M. J. 
Seavy, 30 Church Street, New York. 

‘Larger amounts may be analyzed by increasing the quantity of ferri- 
cyanide at step (d). 

* Phenol red (5) cannot be used, because it obscures the end-point in the 


titration with ceric sulfate. 
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paper into a small flask or test-tube. An aliquot (7 or 8 ce.) is 
pipetted into a special test-tube (3) or 50 ec. Erlenmeyer flask 
and water is added to make the total volume about 18 ce. (6) 
The solution is transferred quantitatively through a washed filter 
into a test-tube (3) or 50 ec. Erlenmeyer flask (four washings 
with 3 ce. portions of water—total volume about 18 cc.). With 
this procedure it is not necessary to use volumetric flasks for 
hydrolysis. 

The filtrates from unhydrolyzed lipid samples, ¢.e. those heated 
without hydrochloric acid, are usually opalescent or slightly 
cloudy. They may be clarified somewhat by refiltration through 
the same paper, but this is unnecessary, unless the cloudiness is 
marked, because it does not affect the result except in so far as 
it tends to obscure the end-point in titration with ceric sulfate. 

(d) Oxidation with Ferricyanide—-2 ec. of the ferricyanide solu- 
tion are added to each of the tubes or flasks which are fastened 
in a rack and heated in boiling water according to the directions 
of Miller and Van Slyke ((3) p. 590). 

(e) Titration—The titration with ceric sulfate is carried out as 
described (3) except that alkali-fast erio green is used as an in- 
dicator instead of setopaline C, which is not available at pres- 
ent.° 

Calculation 

The factor for galactose was constant over the range from 0.1 
to 0.6 mg. The average of thirty-three determinations was 0.147 
+ 0.002 (s.p.) mg. of galactose per 1 ce. of 0.003 N ceric sulfate. 
The quantity of cerebroside is calculated from the following equa- 
tion, 4.557 & 0.147((A — B) — (C — D)) = mg. of cerebroside, 
in which A, B, C, and D are the volumes of 0.003 N ceric sulfate 
solution required to titrate the hydrolyzed lipid sample, hydro- 
lyzed blank, unhydrolyzed lipid sample, and unhydrolyzed blank 
respectively. 

® Although alkali-fast green is less sensitive than setopaline © (3), we 
obtained equally good results with the two indicators. 

’This factor is used on the assumption that approximately equal 
quantities of phrenosin and kerasin are present. The factor for phrenosin 
is 4.6 and for kerasin it is 4.5. 
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SUMMARY 


The method of Miller and Van Slyke (3) for determination of 
sugar by direct titration with ceric sulfate was applied to the 
analysis of cerebrosides. 

Difficulties were encountered in the hydrolysis of cerebrosides 
when carried out according to published procedures for their 
quantitative determination. Under mild conditions (5) hydroly- 
sis is incomplete, while under more severe conditions (1, 9) de- 
struction of galactose may occur. 

A procedure for the quantitative determination of cerebrosides 
is deseribed. 


We are indebted to Dr. Donald D. Van Slyke for helpful ad- 
vice and for supplying a sample of setopaline C, and to Dr. Erwin 
Chargaff for the pure phrenosin and kerasin used in this investi- 


gation. 
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In a previous study with radioactive isotopes the permeability 
of human erythrocytes to potassium, sodium, and inorganic phos- 
phate was determined (1). The present report deals with the 
permeability to chloride, studied with a radioactive isotope, Cl**. 
The permeability of erythrocytes to bromide and to iodide was 
also determined, and the results compared. 


Methods 


Blood from subjects without demonstrable disease affecting the 
red blood cells was used. Lithium chloride or potassium chloride 
rendered radioactive by deuteron bombardment within the cyclo- 
tron was employed. Non-radioactive sodium bromide and sodium 
iodide were used in experiments dealing with these anions. Blood 
aerobically defibrinated was divided into two portions, one serving 
as a control. In the other portion the cells were separated by 
centrifugation, and the dried salt was dissolved in the supernatant 
serum, after which the cells were remixed with the serum. Both 
samples were then introduced into 700 ce. glass tonometers con- 


* \ preliminary report was presented before the symposium on Applied 
Nuclear Physics held in November, 1940, at Boston (J. Appl. Physic., 12, 
349 (1941 

Aided by grants from the Fluid Research Fund of Yale University School 
of Medicine, from the Ella Sachs Plotz Fund, and from the Emerson Fund. 

We are indebted to Dr. Ernest Pollard and to Dr. Richard Humphreys 
of the Department of Physics of Yale University for the preparation of the 
radioactive isotopes. 
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taining air mixed with CO, at a partial pressure of 40 mm. of mer- 
cury. The tonometers were placed in a constant temperature 
water bath and rotated continuously. The blood spread out in a 
thin layer over the inner surface of the glass, affording a maximal 
opportunity for interchange between the cells and the serum. At 
the end of the period, usually 10 minutes, the samples were re- 
moved from the tonometers and the cell volume of each was de- 
termined with Daland tubes. Part of each specimen was reserved 
for whole blood analyses, while the remainder was centrifuged 
and the serum drawn off. Chloride was determined by the method 
of Van Slyke (2), bromide and iodide by a modification of that of 
Brodie and Friedman (3). 

Radioactivity was determined by means of a Geiger-Miiller 
counter in a manner previously described (1). In view of the rapid 
radioactive decay of Cl** (half life 37 minutes), all counts had to 
be multiplied by an appropriate factor to adjust them to a com- 
mon point of time. These factors were read off from the curve of 
radioactive decay of CP’. Lithium, with a half life of 0.88 second, 
had deteriorated within 3 hours to such an extent that its radio- 
active contribution was negligible. Whenever potassium chlo- 
ride was used, the counting was repeated on the following morning, 
by which time Cl** had completely deteriorated and all measurable 
radioactivity was due to K® alone (half life 12.4 hours). These 
counts, adjusted for decay of K® since the previous day, repre- 
sented the portion of the original radioactivity due to K*. By 
subtracting these values from the total original counts the radio- 
activity due to Cl* alone was determined. 

Units were chosen in each experiment so that the specific 
radioactivity (radioactivity divided by concentration of chloride) 
of the chloride in serum water was unity. Were complete simple 
equilibrium to be established between the chloride in cells and in 
serum, the specific radioactivity in cell water would therefore also 
be unity. Conversely, values of cell specific radioactivity less 
than unity would indicate failure to achieve such equilibria. 

Cell concentrations were obtained by the formula, 


Concentration in cells = 


(whole blood concentration) minus ((serum concentration) X (1 minus 
cell volume) ) 





cell volume 
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Serum and whole blood water contents were determined by 
weighing before and after drying. The cell water content was then 
calculated by the formula given above. All concentrations are 
expressed in terms of serum water or of cell water. 


Results 
In Table | are presented the results of three experiments with 


potassium chloride and seven with lithium chloride. In three 


TABLE | 


Distribution of Chloride between Cells and Serum 


| ; Ratio, 
| Chloride cell ~ 
om Cell 
Ex- T Cell | Cell chloride | specific 
em- roa | Vol. iatri- - 
| ees on — Time a a Serum Cell Serum Cell fo estivity* 
No. —_ 1 : a y coeffi- | Cl ceils 


2 lw 
water ‘or — a cients | Cl cells 
(a) ) (e) | (d) | ste) 
| (Ma) | 


Amount 


per | per | mM |mmM |= mM | mM 
cent | cent | perl. perl. perl. | perl. | 


la LiCl | 38 | 55.0) 15 |35.6/29.8108.667.0178.3102.5, 0.93 | 0.99 
“ 5.0 60 |36.9/30.3 108.469.7176.1 112.7, 1.00 | 1.09 


wv. mM min. 


lb 38 O*5 

2 38 636.6 10 41.1 35.4 106.370.3148.0 97.3 0.99 | 0.80 
3 = 38 30.0 10 41.837.6111.176.3 148.3 103.8) 1.02 0.96 
4 KC] 38 =18.8 10 52.649.1111.469.7141.3) 79.5) 0.90 | 1.19 
5 sh 38 38.7 10 44.139.0105.074.4 149.7)103.7; 1.02 | 0.94 
6 LiCl 7 21.0 10 40.4,36.9 102.881.4)127.0:101.0 1.01 | 1.16 


7 KC] 7 26.2 10 39.235.0, 99.6,81.9,137.0 88.7, 0.79 | 0.90 
S LiCl 38 39.4 10 43.436.8109.579.5159.5 105.8 0.91 1.00 

38 29.2, 10: 40.8 36.1 107.773.5 146.0 90.3 0.91 1.11 
10 2 7 27.0 10 46.8 43.3)109.2 82.3 142.1110.3) 1.08 1.00 


* The specific radioactivity in serum is taken as unity. 


experiments the temperature was 7°, in the remainder 38°. In 
Experiments la and Ib the samples were equilibrated 15 minutes 
and 60 minutes respectively, while the remainder of the experi- 
ments lasted only 10 minutes. There is no evident correlation of 
the results which were obtained with the salt used, with tempera- 
ture, or with the time of equilibration. In all instances the 
specific radioactivity of the chloride in the cells (last column) fell 
between 0.80 and 1.20. Values within this range are not signifi- 
cantly different from unity, since the radioactivity of whole blood 
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and of serum is only measured with an accuracy of 5 per cent, and 
that of the cells is caleulated in such a way as to exaggerate any 
error 3- or 4-fold. The distribution ratio of chloride between 
cell water and serum water was usually not much changed by the 
addition of salt. The ratios of the final to the initial cell to serum 
distribution coefficients (next to the last column) fell between 0.90 
and 1.03 in all but one instance, Experiment 7. Assuming an 
accuracy of | per cent in the chloride method and in the hematocrit 
determination, any ratio lying between 0.90 and 1.10 is not cer- 
tainly different from unity. This means that added chloride 
behaves in general as if it were distributed between cells and serum 


TaBLe II 
Distribution of Bromide between Cells and Serum 


NaBr only was used. All experiments were carried out at 38°. 


| } j j 
ae . Ratio, Ratio, 
| Initial total Final total Bromide cellto | bromide 
| Corre- halide halide serum in total 
| spond- total halide of 
Ex- ing = - halide cells to 
peri- | No. of Time | distri- that in 
ment jexperi-| Serum Cell |Serum Cell Serum! Cell pea I or f 
ment of = Water Water Water Water Water Water — perenaning 
Table I} = 1 I 2 2 2 2 cients serum 
g (a) (b) c) (d (e) f) d)/(c) (f)/(d) 
< (b)/(a) (é),(¢) 
. mM mM mM mM mM mM 
— perl. perl. | perl. perl. perl. | perl. 
A |None| 53.6, 180 109.8 76.4178.7113.2 60.9 50.9 0.91 1.34 
(Mee 61.6; 180 |105.0 63.9 186.6)107.2 80.3) 57.3) 0.95 1.24 
C 2 36.7) 10 106.3 70.3 154.7) 90.5 44.6) 35.2) 0.89 1.35 
D | 3 | 26.0) 10 111.1) 76.3:146.4) 90.0 29.3) 26.3 0.99 1.46 
in proportion to the amounts of chloride originally there. This is 


accomplished in part through a shift of water from cells to serum, 
as evidenced by the change in cell volume. 

In Table Il are presented the results of four experiments with 
sodium bromide. In the last column the proportion of halide 
present as bromide in the cells is compared with the proportion 
present as bromide in the serum. The ratio between these two 
fractions should be unity if bromide distributes itself indifferently 
through the entire halide of the system, just as in fact the ‘‘specific 
radioactivity” of chloride in the cells (Table I) is unity. The 
ratio is, however, clearly greater than unity, ranging from 1.24 to 
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1.46. The ratio is as high after 10 minutes as after 3 hours. 
Entirely comparable results were obtained with sodium iodide 
(Table IIL); here the corresponding ratio ranges from 1.20 to 1.56. 
In both the bromide and the iodide experiments the final distribu- 
tion of total halide is such that the distribution ratios between 
the concentration in cell water and the concentration in serum 
water are usually but little altered. Thus the ratio of the final to 
the initial cell to serum halide distribution ratios (Tables IT and 
III, the next to the last columns) ranged between 0.89 and 0.99 
in the four bromide experiments and between 0.98 and 1.19 in the 
four iodide experiments. As in the chloride experiments, values 


Tasie III 
Distribution of Iodide between Cells and Serum 


Nal only was used. All experiments lasted 10 minutes at 38°. 





Initial total | Final total | ; _ Ratio, 
, Todide Ratio, cell | iodide in 
Corre- ae aie to serum | total halide 
Ex- » ee — - | halide dis- | of cells to 
peri- | *\° of | tribution that in 
ment | ©xPer- » Serum Cell | Serum/| Cell Serum) Cell | coefficients | total halide 
ment of = Water Water Water Water Water) Water) (d)/(c) of serum 
Tablet & 1 we 2 2 | 2 (ba) | (NAd) 
a (a) (b) (ec) (d) (e) (f) (e)/(e) 
ma mM mM mM mM mM mM 
' perl. | perl.| perl. perl. | perl. | perl. 
\ Ss 27.6 109.5 79.5) 141.5104.0) 35.8) 32.0 1.01 1.22 
B 9 33.2) 107.7) 73.5 148.5 99.4) 35.9) 28.8 0.98 1.20 
Cc i 0 22.8 109.5 82.3 140.5 106.0 31.6 37.6 1.00 1.56 
8 S 1.19 1.32 


D None 29.8 102.8 68.5 133.0105.5 32.3) 33. 
lving between 0.90 and 1.10 are not certainly different from unity. 
Therefore in three out of four experiments in both the bromide 
and the iodide groups this ratio was essentially unity, while in 
one experiment in each group it was not. No explanation for these 
variations in distribution is apparent. This behavior is entirely 
comparable with that of chloride when LiCl or KCI is added to 
blood (Table I), and is similarly accompanied by a shift of water 


from cells to serum. 
DISCUSSION 


These experiments demonstrate that chloride exchange across 
the red blood cell membrane is so rapid and so complete that at the 
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end of 10 minutes chloride added to the serum has completely in- 
terchanged with all the chloride within the cells. This is a much 
greater interchange than would be necessary to produce the small] 
net shifts of chloride which occur. Whatever the explanation 
may be for the characteristic manner in which chloride distributes 
itself between cells and serum, clearly obstruction by the mem- 
brane to the movement of the chloride ion plays no réle. This 
behavior is very different from that of potassium, which crosses 
the membrane so slowly that equilibrium is not attained after 
several hours (1, 4). Inorganic phosphate may also cross the red 
cell membrane (1), but it does so only at 38°. At 7° the passage 
is too slow to detect. Temperature, however, has no apparent 
effect on chloride transfer. 

Bromide and iodide likewise cross the membrane with great 
rapidity, equilibrium being reached in 10 minutes and perhaps ina 
much shorter time. The manner of their distribution is, however, 
peculiar, in that at equilibrium the halide of the cells contains a 
higher proportion of bromide or iodide than does that of the serum. 
This peculiar distribution of bromide has been repeatedly ob- 
served (5). A rather elaborate explanation in which a chemical 
linkage of the bromide within the cells is assumed has been pro- 
posed by Hastings and van Dyke (5), but direct supporting evi- 
dence is lacking. Such a peculiar distribution is by no means 
confined to bromide and iodide; sulfanilamide and sulfapyridine 
likewise are regularly present in higher concentrations in cell water 
than in serum water (6). For the moment it is only possible to 
note the fact of such distributions, and to point out that there is 
no simple application of the membrane equilibrium theory which 
will serve to explain them. 

Bromide distribution is evidently quite different from that of 
(‘’, which is a true isotope of chloride and not just a somewhat 
similar substance. In many respects the body appears to treat 
them somewhat indifferently, but from this and from other in- 
stances (7) the cells may apparently distinguish between the two 
substances. 

SUMMARY 


1. CP8 added to serum exchanges completely and very rapidly 
with all the chloride in the red blood cells. 
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2. Bromide and iodide also enter the red cells with great rapid- 
ity, equilibrium being established within less than 10 minutes. 

3. At equilibrium the halide of the red cells contains propor- 
tionately more bromide or iodide than does that of serum. 
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The utilization of carbon dioxide by animal and plant cells and 
its relation to succinic acid formation has been the subject of exten- 
sive studies recently (1-7). It has been established through the 
work of Wood, Werkman, and coworkers (1, 2) with C™ in carbon 
dioxide as a tracer that, at least in the case of propionic acid 
bacteria, carboxylation of a 3-carbon atom compound takes place. 
Furthermore, it becomes highly probable in view of the work of 
Krebs and Eggleston (4) and others that the Wood-Werkman re- 
action, the carboxylation of pyruvic acid to oxalacetic acid, is the 
first step in the assimilation of carbon dioxide. The formation of 
succinic acid proceeds through the reduction of oxalacetate. 

In previous reports (8, 9) on the glucose metabolism of the 
protozoon, Trypanosoma lewisi, it was shown that suspensions of 
this organism in buffered salt solutions containing glucose form 
under anaerobic conditions succinic acid, and that simultaneously 
carbon dioxide is assimilated. In the absence of bicarbonate, 
glucose is not metabolized by these trypanosomes under anaerobic 
conditions unless pyruvate is added. The data available at the 
time of our preliminary paper on this subject were not sufficient 
to allow a definite conclusion with regard to the mechanism where- 
by carbon dioxide is assimilated by suspensions of Trypanosoma 
lewist. Since then additional information has been gathered which 
is given in this paper. 


EXPERIMENTAL 


In all the experiments a suspension of washed trypanosomes 
obtained from the blood of infected rats was used. The density 
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varied between 1 and 3 X 10° organisms per cc. They were 
suspended either in a mixture of 4 parts of a calctum- and mag- 
nesium-free Ringer’s solution and | part of 0.15 mM NaHCQOs, or in 
0.11 Mm phosphate buffer solution (pH 7.3). Both solutions con- 
tained 0.3 per cent glucose or glycerol. To study the effect of 
bicarbonate, mixtures of phosphate buffer and bicarbonate were 
also used. Oxygen consumption and carbon dioxide production 
or consumption were determined in the Warburg respirometer, 
with Dixon flasks when desirable. For the determination of acids 
produced, experiments were done in flasks containing about 100 
ce. of trypanosome suspension. Glucose determinations were 
made by the Hagedorn-Jensen method. Pyruvic acid determina- 
tions were made according to Jowett. Succinic acid was deter- 
mined by the method of Moyle. Lactic acid, formic acid, and 
volatile acid (acetic) were determined as described previously (8). 

Anaerobic Metabolism and Carbon Dioxide Effect—In Table I 
the results are given of experiments demonstrating the utilization 
of bicarbonate and its effect on the rate of glucose metabolism. 
When bicarbonate was absent, the glucose disassimilated was very 
small. At the end of such an experiment the trypanosomes were 
motionless but they usually recovered when exposed to air during 
microscopic examination. Addition of a small amount of bicar- 
bonate (7 micromoles per cc.) increased the rate of metabolism 
more than 5-fold and at the same time about | molecule of carbon 
dioxide disappeared per 3 molecules of glucose used. If the 
amount of bicarbonate was increased to 30 micromoles per cc., 
further increase in the rate of the glucose metabolism was observed 
and about 1 molecule of carbon dioxide. was used per 2 molecules 
of glucose disassimilated. Further evidence for the assimilation of 
carbon dioxide was obtained in large seale experiments with 
Ringer’s solution with bicarbonate. It is noteworthy that more 
than 2, 7.e. 2.59, equivalents of fixed acids were formed from | 
molecule of glucose and that the total carbon represented by the 
metabolic products was more than the amount present in the 
glucose used. Corrected for undetermined acid, the total carbon 
was about 6.5 carbon atoms! per mole of glucose. It appears from 

1 Assuming that the undetermined acids contained 2 carbon atoms per 


equivalent of acid, then 0.19 carbon atom (3.6 per cent) was not determined; 
if they contained 3 carbon atoms, then 0.28 carbon atom was not determined. 
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the carbon balance that when large amounts of bicarbonate are 
present, 1 molecule of carbon dioxide was assimilated per 2 mole- 
cules of glucose. Furthermore, the moles of carbon dioxide 
assimilated are approximately equal to the moles of succinic acid 
produced and both are about equal to the excess over 2.00 of acid 
equivalents produced by 1 molecule of glucose. 

Evidence for complete anaerobiosis and for a satisfactory ac- 
count of all metabolites was demonstrated by the oxidation- 
reduction balance. The oxidation value of the succinic (520 
micromoles) and pyruvic acids (605 micromoles) produced was 


TABLE I 
Anaerobic Carbon Dioxide and Pyruvate Effects* 


CO: Glucose CO: 





Medium Gas mixture Time peso weed \Gieeoss 
a icro- sation: 
moles moles 
min. per 10 per 10” 
trypano- trypano- 
somes somes 
Phosphate buffer + glucose Ne 90 27 
180 83 
Phosphate buffer + glucose + o 90 66 211 0.31 
0.6 mg. NaHCO; per ce. 180 102 365 | 0.28 
Ringer’s solution + _bicar- ** (95%) 90 157 253 «| «0.62 
bonate CO.(5%) 180 242 425 | 0.57 
Phosphate buffer + glucose +1 No» 90 120 
mg. pyruvate per cc. 180 254 


* The values given are averages of several experiments; the glucose used 
in the absence of pyruvate or bicarbonate was always much less than in their 


presence. 


1125 and that of the carbon dioxide used (about 500 micromoles) 
was 1000 (cf. Wood and Werkman (1)). 

Anaerobic Pyruvate Effect-Although many substances were 
tested, pyruvate and oxalacetate were the only two substances 
which also supported to some extent the anaerobic glucose metab- 
olism of these organisms. If a small amount of pyruvate was 
added to a carbon dioxide-free medium containing glucose, the 
rate of glucose disassimilation was about two-thirds of that found 
in the presence of carbon dioxide (cf. Table I) but the products of 
the metabolism were different, indicating that pyruvate is not an 
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equivalent of carbon dioxide in its effect on the glucose disassimila- 
tion (cf. Table Il). Pyruvate disappeared in these experiments, 
while it was produced when bicarbonate was added to the medium, 
Succinic acid was not produced in appreciable quantities and lactic 
acid and a small amount of acetic acid were formed. Thus the 
effect of pyruvate is different from that of bicarbonate and it is 
not probable that the pyruvate effect can be attributed to decar- 


TABLE II 


Anaerobic Metabolism 





Micro- 
equiva- Equiva-|,, : r 
Med Acids lents lents | ‘ ae ae Re - 
— produced per 10 | per mole fu corny a or 
trypano- glucose Gee | ant 
somes | 
per cent 
Ringer’s solu- | Succinic 1040 1.00 2.00} 38.8) Glucose used. 
tion + bi- Lactic 789 0.76 2.28 29.3) 1040 miecro- 
carbonate Pyruvie 605 0.58 1.74| 22.5) moles per 
+ glucose Acetic 155, 0.15 0.30 5.8} 10'°  trypa- 
(95% Ne+ Formic <10 | nosomes; 
5% COs) | duration, 
— | 300 min. 
Total : 2690*, 2.59* 6.32) 96.4 
Phosphate Lactic 1910 1.87 5.61 95.5) Glucose used, 
I 
buffer + Pyruvict —304 —0.30 —0.90) —15.3 1020 micro- 
pyruvate + | Acetic 240 0.24 0.48 12.3) moles per 
glucose (N2) 10'°  trypa- 
nosomes; 
duration, 
240 min. 
Total 2000* 1.96% 5.19) 92.5 


* Determined by titration. 
+t Used instead of produced. 


boxylation of pyruvic acid and simultaneous utilization of carbon 
dioxide. Pyruvate added to a trypanosome emulsion was not 
attacked in the absence of glucose under either aerobic or anaerobie 
conditions. Succinie acid was not formed from pyruvate and 
bicarbonate in the absence of glucose. 

The oxalacetic acid effect could be attributed to the decomposi- 
tion of oxalacetate to pyruvate and carbon dioxide, which was 
found to take place in control experiments. 
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Aerobic Metabolism—Under conditions otherwise similar to those 
described previously but in the presence of oxygen, carbon dioxide 
was produced instead of being used. The ratio of total acid 
equivalents (fixed) produced to the moles of glucose disassimilated 
was approximately 2. There is a striking difference in the relative 
proportions of the various acids produced. Only a small amount 
of succinic acid was formed but the amount of acetic acid produced 
(50 per cent of the total acid equivalents) was about the same as 
the equivalents of succinic acid produced under anaerobic condi- 
tions. The often discussed correlation between succinic acid 
formation and acetic acid formation obviously also exists in the 


TaBLe III 
Aerobic Glucose Metabolism 


Medium, Ringer’s solution + bicarbonate + glucose; gas mixture, 95 
per cent O. + 5 per cent CO; duration, 240 minutes; glucose used, 394 


micromoles per 10'° trypanosomes. 


Micro- Equiva- Cat 
. _ equivalents lents per — Acid 
Acid produced per 10%try- = mole -* aay equivalent 
panosomes glucose Gracces 
per cent 

Acetic ; 376 0.95 1.90 | 45.5 
Succinic 82 ().20 0.40 | 9.9 
Lactic 158 0.40 1.20 | 19.1 
Pyruvic 153 0.39 1.17 18.5 
Formic 15 0.04 0.04 1.8 
otal 828* 2.4* 4.71 94.8 


* Determined by titration. 


present case. The other acids produced were lactic and pyruvic 
acids (cf. Table II1). 

As reported in previous communications, about | mole of oxygen 
is used per mole of glucose and approximately | mole of carbon 
dioxide was produced per mole of glucose, the respiratory quotient 
being about 1.0. In contrast to anaerobic conditions, glycerol 
was well disassimilated under aerobic conditions. However, no 
fixed acid was produced and the glycerol was oxidized quantita- 
tively to carbon dioxide and water. The respiratory quotient was 
0.85, which is in agreement with the theory (0.86) (cf. Table IV). 

Aerobic Carbon Dioride Effect—Although carbon dioxide is a 
product of both the aerobic glucose and glycerol metabolism, and 
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apparently is not assimilated under these conditions, carbon diox- 
ide possesses, nevertheless, what appears to be an activating effect 
under aerobic conditions. This effect was measured in terms of 


TaBLe IV 
Aerobic Glycerol Metabolism 
Medium, phosphate buffer + glycerol with and without added bicarbonate 
(air); duration, 180 minutes. 





CO: 














Oz used produced R.Q Activity 
| micromoles | micromoles 
per 10" try-| per 10” try- 
panosomes | panosomes 
With NaHCO, (0.03 m) 3240 2760 0.85 Very active 
* - | ve) Y . 
Without. . adh 915 788 0.86 Inactive 
TABLE V 
Aerobic Carbon Dioxide Effect 
Substrate, glucose; duration, 30 min 
Medium Gas mixture Glucose used 


micromoles per 
10" trypano- 


somes 
Phosphate buffer O» 0 
Ringer’s solution + bicarbonate *“(95%) 86 
( % (5% } 
Medium, phosphate buffer + glycerol (air) 
Os used 
lime 
Control With NaHCOs (0.03 m) 
min. c.mm c.mm, 
10 1.5 37 
35 | 4.5 68 
60 12.0 100 


increased rate of oxygen consumption upon the addition of 
bicarbonate to a suspension of trypanosomes in carbon dioxide-free 
phosphate buffer with glucose or glycerol as the substrate (ef. 
Tables IV and V). 
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The carbon dioxide effect was observed clearly with suspensions 
of trypanosomes in a carbon dioxide-free phosphate buffer in which 
the trypanosomes had become motionless (‘‘resting’’) because of 
lack of substrate. If glycerol was added, and oxygen was bubbled 
through this suspension, most of the trypanosomes remained 
motionless for about an hour or more. If, on the other hand, 
oxygen containing 5 per cent carbon dioxide was bubbled through 
the suspension, the trypanosomes revived quickly and became very 
active in less than 5 minutes. A similar effect was found with 
glucose as the substrate but was less marked as the trypanosomes 
revived even when pure oxygen was bubbled through the suspen- 
sion. Pyruvate had no influence on this phenomenon. 


DISCUSSION 

The experimental evidence indicates that under anaerobic con- 
ditions (nitrogen, and also hydrogen and carbon monoxide) carbon 
dioxide is assimilated by Trypanosoma lewisi suspended in buffered 
glucose solution. This may take place either by direct reduction 
and polymerization as suggested previously or by condensation of 
‘arbon dioxide with another compound, followed by the reduction 
of the new compound. Propionic acid bacteria also assimilate 
‘arbon dioxide and produce succinic acid, but at variance with 
Trypanosoma lewist they are able to do so when glycerol is the 
substrate. The fact that for each carbon dioxide molecule used a 
succinic acid molecule is formed supports the assumption that 
condensation resulting in carboxylation takes place, although 
assimilation of carbon dioxide by reduction and polymerization 
and the formation of succinic acid according to Toenniessen and 
Brinkmann (10) is also compatible with the analytical results. 
However, if carbon dioxide were reduced to formaldehyde, formic 
acid should be an intermediate. But formic acid was not reduced 
when added to the system. Increase of succinic acid formation 
through the addition of acetic acid or pyruvie acid could not be 
demonstrated. 

The correlation between succinic acid formation with carbon 
dioxide utilization under anaerobic conditions and acetic acid 
formation with carbon dioxide production under aerobic conditions 
suggest that there is a common source for these products. This 
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could be pyruvic acid according to the following scheme involving 
the Wood-Werkman reaction of carboxylation. 


+CO,(N2) +2H,.(N»2) 
Poms * COOHCH.COCOOH — > COOHCH.CH,COOH 
—CO; —2H2 
CH,COCOOH . 
+0 


——+ CH,;,COOH + CO, 


Thus the absence of succinic acid under aerobic conditions may 
be explained by assuming that since oxalacetic acid cannot be 
reduced under aerobic conditions in this system, it does not accu- 
mulate but decomposes through pyruvic acid into carbon dioxide 
and acetic acid. 

There are, however, two experimental facts which cannot be 
reconciled with the above equation involving the Wood-Werkman 
reaction; first, pyruvic acid does not undergo any change if bicar- 
bonate is present, and second, carbon dioxide is needed for the 
glucose and especially for the glycerol disassimilation under aerobic 
conditions. In the case of glycerol there was no evidence that 
either pyruvic acid or succinic acid is formed as an intermediate 
or final product. Thus, the aerobic carbon dioxide effect seems 
to be due to a reaction different from that ordinarily called car- 
boxylation. It was suggested previously (9) that under aerobic 
conditions the bicarbonate-formate svstem may act as a hydrogen 
carrier. However, the addition of formic acid does not have any 
effect on the aerobic glycerol metabolism. The possibility that 
the catalytic action of carbon dioxide is due to carbonate ester 
formation of both glucose and glycerol, we believe, deserves 
consideration. Suecinie acid formation could then result from an 
intermolecular oxidation-reduction and the rearrangement of 
glucose monocarbonate. 


Glucose monocarbonate + succinic acid + (glyceric acid) 


. 


pyruvie acid 


In the aerobic oxidation of glycerol, it is conceivable that the 
ring compound, glycerol carbonate, is oxidized simultaneously at 
various carbon atoms without accumulation of oxidized 2- or 3- 
carbon atom derivatives. The experimental evidence on which 











JOH 
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this assumption is based is that glycerol is not an adequate sub- 
strate unless bicarbonate is present. The evidence, although 
indirect, gains in significance by the fact that not even traces of 
intermediates of glycerol oxidation could be found. It may be of 
interest to note in this connection that while fluoride inhibited 
the anaerobic metabolism, direct evidence was not found for 
phosphorylation of glucose and glycerol by trypanosomes. Car- 
bonate formation may have a réle similar to phosphorylation in 
the activation of certain substrates or intermediates. 


SUMMARY 


Carbon dioxide activates the anaerobic and aerobic glucose and 
the aerobic glycerol disassimilation. 

In the anaerobic glucose disassimilation, succinic, lactic, pyruvic, 
and acetic acids are formed, and carbon dioxide is used. The 
amount of assimilated carbon dioxide is equivalent to the amount 
of succinic acid formed. 

Pyruvate also activates the anaerobic glucose disassimilation but 
succinic acid is not formed. Pyruvate does not activate the 
aerobic glucose and glycerol disassimilation. 

Under aerobic conditions about as much acetic acid is produced 
as succinic acid equivalents under anaerobic conditions. In 
addition small amounts of succinic acid were found and some lactic 
and pyruvic acids. 

Glycerol is disassimilated under aerobic conditions only. The 
products of metabolism are carbon dioxide and water. 

The aerobic metabolism of glycerol as well as that of glucose is 
activated by bicarbonate. This can be demonstrated strikingly 
when “resting’”’ trypanosomes are used. 

Trypanosoma lewisi does not form succinic acid from pyruvate 
and bicarbonate and the former is not decarboxylated. The 
possibility has been suggested that carbon dioxide utilization 
under anaerobic conditions and carbon dioxide activation of the 
metabolism under aerobic conditions involve glucose carbonate 
and glycerol carbonate formation. 
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In a previous experiment, d/-methionine sulfoxide, an oxidation 
product of di-methionine, was found capable of replacing dl- 
methionine in the diet of the albino rat (1). The results of that 
experiment suggested that dl-methionine sulfoxide could possibly 
play an intermediate réle in the metabolism of methionine. Since 
then another oxidation product of d/-methionine, d/-methionine 
sulfone, has been prepared by Toennies and Kolb (2). As this 
compound is in a more advanced state of oxidation than the sulfox- 
ide, it is of interest to find out whether the sulfone can be utilized 
for growth. Investigations on the réle of several oxides of cystine 
in the intermediary metabolism of cystine suggest that increase 
in the state of oxidation of the —-SH means decrease in its revers- 
ible reduction capacity (3, 4). Growth curves were obtained of 
albino rats fed /-evstine disulfoxide, S-(guanylthio)cysteine + 
2HCI, which hydrolyzes to l-eysteinesulfenic acid, and l-cysteine- 
sulfinic acid. /-Cystine disulfoxide proved capable of replacing 
l-evstine in the diet, but in growth promotion, 3 molecules of the 
disulfoxide are apparently the equivalent of only 1 molecule of 
Leystine. The /-cysteinesulfenic acid gave rise to a slight but 
definite increase in growth, while the l-cysteinesulfinic acid pro- 
duced no growth. 

The other compound reported in this paper, dl-methionine 
methylsulfonium chloride, prepared by Toennies,' is of interest 
because of its two methyl groups and raises the question as to 


* Aided by a grant from the Robert McNeil Fellowship. 
' Toennies, G., unpublished data; see also (5). 
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whether the rat can make use of such a compound for growth in 
the absence of an adequate supply of methionine in the diet. 


Preparation of Compounds 


The compounds employed were dl-methionine (University of 
Illinois), l-eystine (Merck), dl-methionine sulfone (2), dl-methio- 
nine methylsulfonium chloride, prepared as described by Toennies.! 
These compounds were over 99 per cent pure as shown by analysis, 
Arachin was isolated from peanut meal* by the method of Johns 
and Jones (6), acetone being used as the drying agent instead of 
alcohol and ether. The arachin used in the present experiment 
was analyzed for methionine by the method of Kassell and Brand? 
(7) and contained 0.47 + 0.04 per cent methionine by the homo- 
cysteine titration and 1.12 + 0.14 per cent cystine. These 
determinations were carried out on dried samples; the arachin 
when dried to a constant weight at 100° lost approximately 7.5 
per cent and had 0.86 per cent ash. 

EXPERIMENTAL 

Albino rats, Wistar strain, 25 days old were used as experimental 
animals. They were kept on a methionine-deficient diet, a 
modification of the cystine-deficient diet of Dyer and du Vigneaud 
(8) with the following percentage composition: milk vitamin 
concentrate 16, arachin (as the basal protein) 15, dextrin 24, 
sucrose 15, Osborne and Mendel (9) salt mixture 4, agar 2, lard 19, 
and cod liver oil 5, fed ad libitum; each rat received 100 mg. of the 
Harris vitamin B complex daily. Sufficient dry mixture was made 
at the beginning of the experiment to last through the entire 
period. From this, the fresh basal diet was prepared every 3 days. 
All food was kept in the refrigerator. The compounds, with the 
exception of cystine, were fed individually in an approximately 50 
per cent sucrose solution, the daily dose being contained in 0.2 
ec. of the sucrose solution. The rats took the liquid from a pipette. 
The control animals received the same amount of the sucrose solu- 
tion without the added compounds. New solutions were made 
on the 5th and the 12th days of the test period, and kept in the 
refrigerator at —10°. Since the sulfonium chloride could not be 


? I wish to thank the Planters Peanut Company for the peanut meal. 
*T am indebted to Mr. Thomas P. Callan for these determinations. 
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prepared in crystalline form, it would not mix with butter, as in the 
technique employed in previous experiments. Therefore sucrose 
solutions were used. Cystine, however, being insoluble, was 
given individually in small pieces of butter. The butter mixtures 
were made once a week, all instruments being kept on ice during 
the mixing, and were kept in individual covered glass dishes at 0°. 
A control group was not run for the butter, as control groups on the 


TABLE | 
Daily Basal Food Consumption per Rat in Gm. Averaged over a 2 Day Period 


Group A, | Group B Group C | 


Group D Group E 
unsupple- ' = 



































Days mented 
control Unsupplemented 
l- 2 5.8 5.6 5.3 5.5 5.5 
3- 4 5.5 5.2 4.9 5.2 5.2 
5- 6 4.9 4.5 4.0 4.5 4.2 
7-8 5.2 4.4 4.1 | 4.2 4.3 
Daily supplement a 
aon mg. | . 
| dl-methic 7.2 \ 
‘alae. “4 Pane di-magthio- 4.83 mg. 
methyl- | eine nine l-cystine 
sulfonium sulfone 
chloride 
‘seme | j 
9-10 12 | 40 | 54 | 4.1 4.4 
11-12 5.7 | 4.6 5.4 4.8 4.7 
13-14 53 | 5.0 | &2 | 5.2 4.4 
15-16 63..1. 862-.)' 42 | 4.9 | 4.7 
17-18 5.5 5.3 43 | 4.5 3.1 
19-20 4.3 1.3 40 | 36 | 2.9 
21-22 4.5 4.7 4.5 4.1 3.5 
23-24 1.5 5.1 5.0 3.7 3.3 
9-24 (Total) 80.4 77.6 77.0 69.8 62.0 


arachin basal diet in previous experiments (4, 1) received butter, 
and showed no apparent effect on the growth curves. The animals 
were maintained on a normal diet for 6 days and on a basal diet for 
8 days, at the end of which the basal diet was supplemented with 
the various compounds to be studied for a period of 16 days. The 
rats were weighed every other day and the average weight of the 
group plotted. The approximate amount of the basal diet con- 
sumed per rat each day was determined by weighing daily the basal 
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food given each group and the residual food, and dividing by the 
number of animals in the group (Table 1). 

In the experiment reported, twenty-four rats from three litters, 
one litter 26 days old, the other two 25 days old, were divided 
into five comparable groups. Four groups contained three males 
and two females each; the control group contained two males and 
two females. After 8 days on the methionine-deficient diet, the 
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Fic. 1. Growth curves showing the replaceability of dl-methionine in the 
diet of the albino rat with dl-methionine sulfone and dl-methionine methyl- 
sulfonium chloride. The casein of Dyer and du Vigneaud’s basal diet was 


replaced by arachin. 


diet of Group A, the control group, was left unsupplemented 
except for the sucrose solution; that of Group B was supplemented 
daily for 16 days with 8.03 mg. of dl-methionine methylsulfonium 
chloride; that of Group C with 6.0 mg. of dl-methionine; that of 
Group D with 7.29 mg. of dl-methionine sulfone, the amount of 
the sulfone fed being doubled the last 4 days; that of Group E with 
1.83 mg. of cystine. These were amounts containing the sulfur 
equivalent of 6.0 mg. of dl-methionine. Fig. 1 shows the results 
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obtained. After 6 days the curve of the group receiving the 
sulfonium salt rose to the height of the curve of the methionine 
group and continued with it. The sulfone curve followed that of 
the control group, while the cystine curve fell below that of the 
control. 

DISCUSSION 

Previous work (1), carried out under the same conditions as the 
present experiment, showed that methionine sulfoxide supports 
growth to the same extent as its parent substance, methionine. 
However, the conversion of methionine to the sulfone seems to 
destroy completely its growth-supporting properties. Increase 
in the state of oxidation of the sulfur evidently increases the 
irreversibility of the reaction, as suggested by similar experiments 
with several oxides of cystine mentioned in the introduction to this 
paper (3,4). During the last 4 days of the experiment the amount 
of the sulfone fed was doubled but the curve continued to follow 
that of the control group. This indicates that a larger amount 
of the compound would not produce growth and that the sulfone 
was not toxic, although the rats showed a marked dislike for it. 

The rats were able to utilize the sulfonium salt, d/-methionine 
methylsulfonium chloride, for growth in this experiment when a 
methionine deficiency was present. However, 6 days elapsed 
before the growth curve became practically identical with that of 
the methionine. At first the curve fell with that of the control 
group but on the 6th day it rose suddenly to the level of that of the 
methionine group. The rise was so steep that it suggests that the 
rats may have developed some special mechanism for taking care 
of the extra methyl group and by that means converted the 
sulfonium compound into methionine. The extra methyl group 
freed by this reaction might possibly have a sparing effect on 
methionine in the formation of choline. 

The possible metabolic significance of sulfonium reactions has 
heen discussed by Toennies (5). He suggests a hypothesis for the 
mechanism of the conversion of methionine to cystine based on the 
capacity of methionine to form sulfonium derivatives and the 
participation of the hydroxyamino acids. The present experi- 
ment gives evidence that the rat can metabolize a sulfonium salt. 

Cystine was fed to determine the degree of methionine defi- 
ciency of the arachin used in the basal diet, since in previous experi- 
ments of this series, when arachin was used as the methionine- 
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deficient protein, cystine was not fed. The cystine curve fell 
even below that of the control group. The fact that there was no 
growth was to be expected from the experiments of White and 
Beach (10) who demonstrated that /-cystine is incapable of pro- 
ducing growth of the albino rat when added to a 15 per cent arachin 
diet. Therefore, the present diet must have contained less than 
0.1 per cent methionine, a figure which is approximately the 
minimum amount of methionine that can be supplemented by 
l-eystine (11). The fact that the curve was so low seems to suggest 
a slight toxicity which cannot be explained at present. It is 
probably not due to a choline deficiency, since the 16 per cent milk 
vitamin concentrate used in the diet would furnish sufficient 
choline (12). Autopsies ‘on the cystine-fed rats showed, on 
microscopic examination, a few scattered intertubular hemor- 
rhages of the kidneys not present in the control animals.‘ 


SUMMARY 


1. dl-Methionine sulfone did not replace methionine in the diet 
of the albino rat under the conditions of the present experiment. 
The sulfone, however, did not appear to be toxic. 

2. dl-Methionine methylsulfonium chloride replaced methionine 
in the diet of the albino rat under the conditions of this experiment, 
indicating that a mechanism for the metabolism of a sulfonium 
salt is available to the animal. 
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Davson (2) has recently reviewed the subject of the cation 
permeability of erythrocytes. Although many environmental 
changes have been shown to affect the exchange of sodium or 
potassium or both, little insight has been gained concerning the 
factors responsible for the so called ‘‘normal impermeability” of 
the red cell membrane to these ions. The means by which the 
normal distribution is acquired is likewise obscure. 

Recent work by Eisenman et al. (3) and Dean et al. (4) with 
radioactive cations has indicated that there is a slow exchange of 
potassium across the membranes of the human, rat, and rabbit 
erythrocytes, the rate of which varies with the species. Cohn and 
Cohn (5) have shown that radioactive sodium enters the erythro- 
cyte of the dog in vivo. These results suggest that there is a 
dynamic equilibrium between the cations in the erythrocytes and 
those in the surrounding medium. 

Evidence to be presented in this paper indicates that in human 
blood the potassium and sodium distribution between the cells 
and the extracellular medium is greatly influenced by the metab- 
olism of the erythrocytes, and that the factors operative in the 
original accumulation of potassium within the cells are probably 
responsible for the maintenance of the concentration gradient 
normally observed. 


Methods 


All observations reported here were made on human erythro- 
cytes. Both fresh and preserved bloods were used. Blood was 


* A preliminary account of this work has been reported (1). 
+ Present address, Department of Physiology, University of Pennsyl- 
vania, Philadelphia. 
579 








580 Potassium Content of Erythrocytes 


preserved according to the technique already described (6). 
Unless otherwise specified, sodium citrate was used as the anti- 
coagulant (2 parts of 3.2 per cent NasCsH;O0;-2H.O to 23 parts 
of blood, designated as the citrate-blood mixture). 

In certain experiments the citrated blood was diluted with an 
isosmotic glucose solution (2 parts of citrate, 13 parts of 5.4 per 
cent glucose, and 10 parts of blood, referred to as the citrate- 
glucose-blood mixture). This mixture retards hemolysis much 
longer than does citrate alone (6). Aseptic precautions were 
observed throughout. 

Generally, the cells of a given volume of blood mixture were 
analyzed, although a few plasma analyses are reported. 1 or 2 ml. 
of blood mixture were centrifuged and the supernatant fluid care- 
fully removed. The sides of the tube were washed with 5 ml. of a 
10 per cent sucrose solution, care being taken not to disturb the 
cells. The material was again centrifuged and the supernatant 
fluid removed as before. The cells were finally washed into a 
silica crucible and ashed with the aid of sulfuric acid; the ash was 
dissolved in hot water, made up to a convenient volume, and 
filtered. Suitable aliquots were taken for potassium analyses by 
the method of Harris (7) and for sodium by the method of Salit 
(8). With this procedure analyses are carried out on a constant 
number of cells and no correction need be applied for hematocrit 
change. (Except as indicated, no correction is made for hemolysis, 
which in general was less than 2 per cent.) 

The procedure was checked against two possible sources of error. 
It has been shown that suspension of erythrocytes in a non-electro- 
lyte medium results in a potassium loss (9, 10). The washing 
procedure as here described, however, induced no such loss. 
Secondly, since the cells were not suspended in the washing 
medium, the possibility of error arising from potassium remaining 
within the interstices of the cells was checked and found to be 
negligible. In checking this point isotonic potassium chloride 
was added to one of duplicate blood samples and the potassium 
content of the cells of both determined as above. The entire 
procedure is accurate within 2 per cent. 

Whole blood phosphates were determined by the method of 
Fiske and Subbarow (11), glucose by the methods of Shaffer and 
Somogyi (12) and Somogyi (13), and plasma hemoglobin by our 
adaptation of the method of Wu (14). The Van Allen pipette 
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was employed for hematocrit determinations, no diluent being 
used. 
Potassium Loss from Human Erythrocytes during Storage at 
2-5°—-When blood is stored at refrigerator temperatures, potas- 
sium diffuses from the red cell (15-17) and sodium enters (18, 19).! 
Neither the use of various preservatives nor the maintenance of a 
normal calcium concentration has been found to prevent this loss 
(15, 20),' although modifications in the extent of loss have been 
reported (19).! 

This potassium loss has been taken as evidence of erythrocyte 
degeneration (21). What appears to have escaped attention is 
the first order form of the curve (Fig. 1). The experiments here 
reported were chosen because hemolysis was minimal in the 10 
per cent sucrose and 5.4 per cent glucose solutions employed. 
Essentially the same form of curve was obtained with normal 
electrolyte concentrations. In the graph (Fig. 1) the ordinate 
is expressed as mM of potassium in the plasma associated with 100 
ml. of normal sized cells, thus correcting for hematocrit changes 
and differences in dilution. It will be observed that the curves 
can be divided into two phases, the first in which the rate of 
diffusion of potassium falls progressively with time, equilibrium 
being reached in 15 to 20 days, and the second during which the 
diffusion rate is mostly constant with time. (As given here the 
time intervals over the first phase are too long for an accurate 
analysis of the curve. However, observations over shorter periods 
made in this laboratory and elsewhere (17) are in agreement.) 

The form of the first phase indicates that the factor responsible 
for this diffusion of potassium is immediately operative, and that 
during this period the permeability remains essentially unchanged. 
To verify this the equation dZ/dt = kA(C — Z) may be used, 
where Z is the amount diffusing in any time ¢, A the surface 
area of the cells, C the total diffusion to equilibrium, and k a form 
of permeability constant.2. Since the experimental values are 


1 Also DeGowin, E. L., Harris, J. E., Bell, J., and Hardin, R. B., un- 
published results. 

* Exact conformity of the data to this equation would be expected only 
if the cell volume remained constant, which, strictly speaking, is not the 
ease. However, the sodium entering the cell balances to a large extent the 
potassium leaving, so that this expression can serve as a first approximation, 
which suffices for our purposes. 
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referred to a standard volume and number of cells, the surface 
area may be ignored for the purpose of this calculation. With 
the 15 day value as the equilibrium figure, the constant, k, was 
found to be as given in Fig. 1 at the 5 and 10 day periods. The 
values agree sufficiently well to indicate that the postulation made 
above is correct; 7.e., the diffusion begins immediately and does not 
represent a progressive cellular deterioration. The permeability 
of the erythrocytes to potassium was the same in both preserva- 
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Fic. 1. The increase in plasma potassium concentration during storage 
of human blood at 2-5°. Ordinate, mm of potassium in the plasma asso- 
ciated with 100 ml. of normal sized cells. k = permeability constant. 

Fic. 2. The effect on the potassium content of the cells of raising the 
temperature of a preserved citrate-blood mixture. The blood mixture had 
been stored 5 days at 2-5°. Ordinate, mg. of potassium in the cells of 100 
ml. of blood mixture. 


tives, although the total amount diffusing was much greater in the 
sucrose solution. The difference may be attributed to the facet 
that the cells swell in glucose solution, thus decreasing the cellular 
concentration of potassium. 

Migration of Potassium from Plasma to Cells When Stored Blood 
Is Placed at 25° and 37°—In attempting to explain the fact that 
refrigeration induced an immediate diffusion of cation across the 
cell membrane, it seemed to us that the lowered metabolism 
might be the factor in question and that raising the metabolism by 
elevating the temperature might reverse this effect. It was found 
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that not only did the potassium cease coming from the cells when 
the temperature was raised, but that it reentered against a concen- 
tration gradient. Typical results are plotted in Fig. 2. Here, 
as with the rest of the data to be presented, potassium values are 
expressed as mg. in the cells of 100 ml. of blood mixture. A 5 day- 
old citrate-blood mixture was removed from the refrigerator and 
samples placed at 25° and at 37°. At both temperatures the 
potassium migrated from the plasma to the cells, the effect being 
greater at 37°. It will be noticed that there was a tendency for 
the potassium content of the cells to fall off at 6 hours. This 
tendency was also seen in other experiments, although the drop 
generally occurred later. 

Effect of Glucose on Penetration of Potassium into Human 
Erythrocytes—Since glucose was being depleted by glycolysis, the 
effect of adding this substance when the temperature was raised 
was next determined. (The total reducing substances in stored 
blood vary but have usually diminished by more than one-half 
after 5 days and reached a minimum at 10 days.) Typical results 
of such experiments are plotted in Fig. 3. Here a citrate-blood 
mixture was stored at refrigerator temperatures, samples being 
removed at the stated intervals and placed at 25° or 37°. In 
certain cases glucose, as a solid, was added to these samples in 
sufficient quantity to raise the concentration to approximately 
400 mg. per cent. The figures in parentheses represent the pH 
at the end of each experiment. It will be observed that the 
presence of glucose had a pronounced effect on the amount of 
potassium which reentered the cells after storage. Moreover, 
when glucose was added, the potassium content of the cells con- 
tinued to rise for at least 24 hours, although it showed a tendency 
to level off at that time. However, the utilization of glucose was 
not necessary for some accumulation of potassium against a con- 
centration gradient. For example, in the 5 day-old blood to 
which no glucose had been added, this substance was depleted 
after 3 hours (probably before) at 37°; yet the potassium con- 
tinued to increase for at least another 8 hours. Sometime after 
11 hours potassium began to diffuse from the cell, resulting in a 
low value at 24 hours. 

Since potassium may reenter the cell when glucose is not being 
metabolized, no relationship between the amount of potassium 











584 Potassium Content of Erythrocytes 


reentering and the glycolytic activity would be expected. Quali- 
tatively, however, it is obvious that as this activity diminishes the 
amount of potassium reentering also decreases. If a quantitative 
relationship existed, it would be found at the beginning of the 
experiment, when the rate of entrance of potassium is highest. 
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Fic. 3. The effect of the addition of glucose on the increase in the potas- 
sium content of the cells of a citrate-blood mixture placed at 37° or 25° 
after storage in the refrigerator. Ordinate, mg. of potassium in the cells 
of 100 ml. of mixture. The abscissa is not continuous but is divided into 25 
hour intervals, corresponding to the total periods of observations on the 
blood mixtures removed from the refrigerator after 5, 10, and 15 days of 
storage. The 15 day-old mixture showed 4.0 per cent hemolysis when 
removed from the refrigerator and 6.8 per cent after 25 hours at 37° with no 
glucose added. The figures in parentheses represent the pH at the end of 
each experiment. 


The ratio of the moles of glucose used per mole of potassium re- 
entering was computed for five bloods of different ages after 3 to 4 
hours at 37°. The calculated values were 0.79, 0.57, 0.64, 1.24, 
and 0.55, four of which demonstrated certain consistency. (The 
high value is that computed from a 10 day-old sample at 37° (Fig. 
3) which showed a very irregular curve.) 
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When glucose was added to a citrate-blood mixture that had been 
stored 20 days and placed at 37°, little or no glycolysis occurred. 
There was also little change in the potassium content of the 
erythrocytes. 

It should be pointed out that during storage at refrigerator tem- 
peratures there is a marked increase in the inorganic phosphate of 
citrate-blood mixtures beginning about the 10th day of storage. 
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Fic. 4. The relation of the sodium to the potassium migration in a 
citrate-blood mixture after storage for 5 days at 2-5°. Ordinate, mm of 
cation in the cells of 1000 ml. of mixture. 7 = 37°. 


The values for one experiment (Fig. 3) were 2.76, 2.67, 6.13, and 
13.5 mg. of P per 100 ml. of blood mixture after 0, 5, 10, and 15 
days of storage respectively. This increase has been shown to be 
entirely at the expense of the organic acid-soluble fraction (20). 
The inorganic phosphorus thus formed remains mostly within the 
cells. 

Relation to Sodium Diffusion—As has been mentioned previously, 
sodium enters human erythrocytes during blood storage, the ki- 
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netics of the diffusion being similar to the kinetics of the potassium 
loss. The exchange is not necessarily equivalent but depends to a 
large extent upon the concentrations of these ions in the extra- 
cellular medium. Nevertheless, stored human_ erythrocytes 
contain sufficient sodium to be readily adapted to the system of 
analysis employed for potassium. 

From observations that the hematocrit values remained con- 
stant it had been expected that as potassium reentered the cell 
when preserved blood was placed at 37° sodium would diffuse out. 
In Fig. 4 it can be seen that this was true to a certain extent. In 
this experiment glucose was added to one portion of a 5 day-old 
citrate-blood mixture and both samples were placed at 37°. When 
glucose was added, sodium diffused from the cell as potassium 
entered, the exchange being approximately equivalent. The 
migration in both instances was against a concentration gradient. 
Similar observations were made at 25°. When the only available 
glucose was that which remained after storage, a different picture 
was seen. A decrease in the sodium content of the cell was seen 
at 3 hours, after which it showed a steady increase. (No 0 hour 
sodium analysis was made, but it may be assumed to be the same 
as in the sample to which the glucose was added.) Thus, for the 
period between 3 and 12 hours potassium and sodium were mi- 
grating in the same direction; 7.e., into the cell, the first against 
and the second with a concentration gradient. The same process 
was noted in a 15 day-old citrate-blood mixture to which no 
glucose was added (Fig. 5). 

This phenomenon will require more study, but it appears that 
while the erythrocytes which have been stored are actively glyco- 
lyzing, either at 25° or at 37°, potassium enters the cell and 
sodium leaves it. On the other hand, when no glucose is present, 
potassium may still reenter the cell against a concentration 
gradient, whereas sodium appears to move with the gradient into 
the cell. It should be emphasized that the equivalence of exchange 
is not always observed and does not appear to be a necessary 
feature. Since the exchanges of cations during storage are 
frequently not equivalent, this finding is not surprising. 

Effect of Glucose on Loss of Potassium from Erythrocytes of Fresh 
Human Blood—-It has been shown repeatedly that red cells, sus- 
pended in an isotonic solution of electrolytes or in their own serum 
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or plasma, maintain their potassium content for a number of hours 
at room or body temperature. Eventually, however, this ion 
diffuses from the cells. In view of the fact that glycolysis exerts 
such an influence on the recovery of potassium after storage, it 
seemed logical that the appearance of a potassium loss from the 
cells of fresh blood after a number of hours might be associated 
with the disappearance of glucose and the cessation of active 
glycolysis. 

Glucose, as a solid, was added to one sample of a citrate-blood 
mixture, the other serving as a control, and the glucose and cellular 
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Fic. 5. The relation of the sodium to the potassium migration in a 
citrate-blood mixture after storage for 15 days at refrigerator temperatures. 
Ordinate, mm of cation in the cells of 1000 ml. of mixture. T = 37°. 


potassium were followed in both for a number of hours at 25° or 
37°. The results are given in Table I. It can be seen that, for 
the first 10 to 12 hours at least, the potassium content of the red 
cells was maintained very wel! whether or not glucose was added. 
At 24 hours the cells of blood to which no glucose had been added 
showed a loss of potassium. In Experiment 2c, glucose was added 
to the control after 30 hours at 37° in an attempt to incite glycol- 
ysis. The carbohydrate was utilized to a certain extent but 
apparently not in sufficient quantity to increase the potassium 
content of the cells, a finding which is in accordance with the 
results of the experiments with 20 day-old citrate-blood mixtures. 

On the other hand when glucose was added in the early part of 
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the experiment (Experiments Ib, 2a, 2b), the erythrocytes showed 
no loss of potassium for the remainder of the observations. It is 


interesting to note that this was true at both 25° and 37°, although 
the glycolytic rate at the latter temperature was twice as great. 


TABLE | 


Effect of Glucose on Potassium Loss from Cells of Fresh Citrate-Blood Mixture 
at 25° and 37 


The values are expressed in mg. 


Potassit c > e of : 
assium content in cells « Glucose utilized per 100 ml. blood 


Time of 100 m1. blood 
observa- 
won Experiment la, Experiment Ib, Experiment la Experiment Ib, 
37 37 37 
hrs 
0 136 136 
2 137 137 16 16 
5 138 138* 34 34* 
7 136 136 52 52 
10 137 136 53 82 
24 128 14] 204 
Experiment Experiment Experiment Experiment Experiment Experiment 
2a,t 25° 2b,t 37 2c, 37° 2a,t 25 2b,t 37° 2c, 37° 
0 121 120 120 
6 121 122 123 27 6S 19 
12 126 126 124 a7 121 72 
24 120 122 113 93 239 
30 122 115 103* 123 278 : 
344 114 99.0 303 17 
38 114 91.7 319 23 
pHt 7.50 6.92 7.51 


* Glucose added 
+ Glucose added at the beginning of the experiment. 
t pH values taken at the end of the experiment. 


(The drop in the potassium content at 30 hours in Experiment 2b 
is unaccounted for, inasmuch as that level was maintained for the 
next 8 hours. In the experimental procedure this blood was 
apportioned into two flasks, the sampling of the second flask being 
begun at 30 hours.) In Experiments 2a, 2b, and 2¢ a rise in the 
potassium content of the cells was observed during the early 
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periods, which is not to be attributed to dehydration.’ Such an 
observation was also made by Danowski (22). 

The potassium content of fresh human erythrocytes does not 
begin to fall rapidly as soon as the glucose has disappeared. This 
is seen in Fig. 6. Here the glucose was removed by washing the 
cells of defibrinated blood twice with 0.154 m sodium chloride 
buffered with m/150 phosphate to pH 7.3. The cells were then 
diluted to approximately the original volume with this solution 
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Fic. 6. The effect of glucose on the potassium content of washed human 
erythrocytes suspended in buffered saline. Ordinate, mg. of potassium in 
the cells of 100 ml. of mixture. 7 = 37°. The sample to which glucose was 
added showed 0.36 per cent hemolysis after 26 hours incubation, the mixture 
without glucose being 2.1 per cent hemolyzed at that time. 
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and the sample divided, glucose being added to one portion, and 
placed at 37°. The cells suspended in a medium without glucose 
maintained their potassium content (the loss is less than 2 per 
cent) for at least 8 hours. Thereafter, the loss was greater, the 


* To allow a free diffusion of CO, and thus a more stable pH the flasks 
were stoppered with cotton plugs. Thus a certain amount of dehydration 
was possible at 37° when a covered water bath was not used. This dehydra- 
tion was found in a few control experiments to be of such a magnitude as 
to account for a concentrating of from 0 to 4 per cent during 24 hours. As 
each experiment has its own control, however, dehydration may be ignored. 
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rate increasing in an autocatalytic fashion. The cells washed free 
of serum not only maintained their ability to utilize added glucose 
but also showed no loss of potassium for at least 24 hovrs. 
However, this pattern does not occur throughout, for the cells 
of a citrate-glucose-blood mixture showed a relatively small but 
rapid loss of potassium during the first few hours after mixing, the 
extent being approximately the same at both 25° and 37°. Thus, 
at 25° the cells of 100 ml. of this mixture contained 54.7, 47.9, and 
16.0 mg. of potassium after 0, 53, and 11 hours respectively; the 
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Fic. 7. The effect of 0.042 m sodium fluoride on the potassium content of 
the cells of a fresh citrate-blood mixture. Ordinate, mg. of potassium in 
the cells of 100 ml. of mixture. 7' = 25°. 


corresponding values at 37° were 54.7, 46.0, and 44.1 mg. This 
loss is probably analogous to that shown by Maizels (9) and 
Davson (10) in non-electrolyte solutions, although the influence of 
swelling (23) cannot be ignored. Whatever may be its explana- 
tion, it appears to bear no relationship to the other effects de- 
scribed, and exemplifies the fact that alteration of the cation 
content of erythrocytes, such as has been frequently observed 
under varying conditions, is not necessarily to be attributed to a 
depletion of glucose or an altered metabolic function. After 
storage for 7 days the cells of a citrate-glucose-blood mixture 
showed little tendency to increase in potassium content when 
placed at 37°; no loss was observed for 24 hours. 
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Effect of Sodium Fluoride—Wilbrandt (24, 25) showed that the 
osmotic resistance of human erythrocytes increased markedly 
after a short incubation at 37° in saline solution containing fluoride 
or iodoacetate. He interpreted this as being due to loss of potas- 
sium, a fact he verified by actual analysis. Davson and Danielli 
(26) were unable to find a loss from rabbit erythrocytes (the only 
mammalian species studied) after suspension in fluoride solution 
for 1 hour at 25°, although red blood cells of the goose showed a 
slight depletion of potassium under the same conditions. 

Observations in this laboratory have shown that fluoride (0.02 
to 0.05 M) causes a marked loss of potassium from the erythrocytes 
of both fresh and stored human blood. One such observation is 
shown in Fig. 7. The relatively small change during the Ist hour 
may explain the failure of Davson and Danielli to observe a 
fluoride effect. 

DISCUSSION 

Plainly, the view that the erythrocyte membrane is impermeable 
to cations, the distribution of these ions being a static phenomenon, 
must be abandoned. In its place must be substituted a concept 
of normal membrane permeability to sodium and potassium, their 
concentrations in the cells being maintained by one or more 
metabolic functions of the cells. Thus, when the metabolic level 
is lowered, as by chilling, potassium and sodium will diffuse with 
the concentration gradient. Partial restoration of that activity 
by raising the temperature will lead to a redistribution of the 
cations toward their normal equilibrium. The maintenance of a 
more or less normal metabolic level by the addition of glucose 
keeps the cation distribution at existing levels when fresh blood is 
kept at room or body temperatures. Depletion of glucose sooner 
or later apparently leads to a loss of the ability of the red cells to 
concentrate these cations. This concept would imply that there 
is normally an exchange between the cations inside and outside the 
cells, a hypothesis which finds confirmation in the experiments 
with radioactive ions mentioned previously. 

It seems likely that glycolysis, per se, is not the metabolic 
function responsible for the migration of potassium against a 
concentration gradient. Thus, fresh erythrocytes appear to main- 
tain their potassium content as well at 25° as at 37° so long as 
glucose is present, although the glycolytic rate at the lower 
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temperature is only half as great. Moreover, the depletion of 
glucose is not followed by an immediate loss of potassium. On the 
other hand, the accumulation of this ion by erythrocytes which 
have been stored at refrigerator temperatures is greater if the cell 
is actively glycolyzing. It would seem that the activity con- 
cerned in the accumulation of potassium within the erythrocytes 
must be enhaneed during glycolysis and persist for a while after 
glucose has been depleted. There is little indication of what this 
activity might be or how it functions. Diphosphoglycerate may 
be involved, since it is said to undergo formation and decomposi- 
tion during red blood cell glycolysis (27) and to persist after the 
disappearance of glucose. The metabolic function controlling 
sodium distribution is not necessarily the same as that controlling 
potassium. 

Wilbrandt (25) showed that, whereas moderate concentrations 
of fluoride (0.02 to 0.05 mM) exerted a maximal effect on the loss of 
potassium, higher concentrations (m/7) tended to inhibit this loss. 
Davson (personal communication) has made the same observa- 
tion. It would seem, therefore, that the potassium loss which 
fluoride induces is not to be attributed to an inhibition of the 
metabolic function normally responsible for the maintenance of 
cation distribution. Wilbrandt suggested that the loss of potas- 
sium seen with fluoride was due to an induced cation permeability 
in the red blood cell membrane. This permeability resulted from 
a side reaction of glycolysis which was itself inhibited in higher 
concentrations of fluoride. However, such a concept would 
imply that the membrane is normally impermeable to potassium, 
a view which is not in harmony with the present work. (The 
possibility of a simultaneous inhibition of the activity controlling 
the cation equilibrium and alteration of permeability cannot be 
denied.) Moreover, Wilbrandt showed that the effect of fluoride 
in moderate concentrations was quickly overcome when pyruvate 
was added (at least the potassium loss was stopped). Thus, at 
present, it seems logical to assume that the loss of potassium 
which fluoride induces results from an inhibition of the metabolic 
function normally responsible for the potassium accumulation. 
The explanation of the effect of high concentrations of fluoride 
then must await further experimentation. In this connection it 
should be remembered that fluoride has a certain corrosive action 
on animal membranes (28). 
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It is believed that a cation impermeability of the erythrocytes 
prevents their rupture by the osmotic force of the Gibbs-Donnan 
equilibrium. However, the same result can be achieved, although 
in a different way, if the metabolic activity of the cells controls 
the distribution of cations, even though the membrane be con- 
sidered permeable to sodium and potassium. Indeed, because of 
this activity and the apparently very slow rate of permeation of 
cations, as compared to anions, the membrane may be said to be 
functionally impermeable to the positive ions, at least as regards 
such functions as the transport of CO,. Thus, the calculations of 
Van Slyke et al. (29) and more recently of Rapoport and Guest 
(30), showing that the anions of blood tend to distribute them- 
selves according to the Donnan equilibrium (assuming cation 
impermeability), lose none of their significance. Moreover, 
inhibition of the functions controlling the erythrocyte cation con- 
tent should lead to such a swelling. This has been observed to 
occur following fluoride poisoning (25) and also during storage 
at refrigerator temperatures, as will be shown in a forthcoming 
paper. 


SUMMARY 


Some of the potassium which is lost from human erythrocytes 
when a citrate-blood mixture is stored at refrigerator temperatures 
reenters the cell when the mixture is placed at 25° or 37°. The 
addition of glucose increases the amount of potassium which will 
reenter if the glucose is utilized. 

When a stored citrate-blood mixture is placed at 37°, sodium 
decreases as potassium increases within the cell so long as glucose 
is being utilized. If no glucose is present, sodium enters the cell, 
moving with the potassium, for a period of 12 hours. At 24 hours 
the potassium content has again fallen. 

The cells of blood to which glucose has been added maintain 
their potassium content much longer at 37° than when the glucose 
has been depleted, although the potassium loss is not appreciable 
for some hours after glucose has been removed by washing. 

Sodium fluoride, 0.02 to 0.05 M, causes a rapid loss of potassium 
from the erythrocytes of both fresh and preserved bloods at 25° 
and 37°. 

It is concluded that the normal distribution of cations between 
the human erythrocyte and the extracellular medium is main- 
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tained by some metabolic activity of the cell. So far as the potas- 
sium is concerned, the fundamental factor does not appear to be 
glycolysis per se. The metabolic activities controlling the sodium 
and potassium distribution are not necessarily the same. The 
action of fluoride is tentatively concluded to be inhibition of the 
responsible metabolic function. 
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AUTOXIDATION OF STEROLS IN COLLOIDAL AQUEOUS 
SOLUTION 
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The study reported in this paper was originally undertaken as a 
sequel to the isolation from pregnant mare’s serum of 7(8)-hydroxy- 
cholesterol (1), a sterol which had previously not been encountered 
in nature, although its epimer, 7(a@)-hydroxycholesterol, had been 
shown by Haslewood (2) to occur in ox liver, and by MacPhillamy 
(3) in hog liver. More recently we have found the latter isomer 
also in pregnant mare’s serum.' Both these compounds give a 
positive Lifschiitz reaction, and to this extent may be considered 
as identical with the ill defined ‘‘oxycholesterol”’ which Lifschiitz 
(4) claimed to be present as a preformed entity in the unsaponifi- 
able matter of blood and tissues. Lifschiitz apparently took it 
for granted that this preformed “oxycholesterol”’ and the chromo- 
gen which he obtained from cholesterol by various, mostly oxida- 
tive, procedures in vitro were represented by one and the same 
substance. This notion has now been dispelled not only by the 
isolation of two pure chromogens from natural sources, but also 
by the preparation in recent years of numerous other cholesterol 
derivatives of known constitution, which all give the Lifschiitz 
reaction. However, besides these well defined compounds there 
exists a type of ‘‘oxycholesterol,”’ the chemical nature of which 
has never been elucidated; namely, the chromogen formed from 


* Fellow of the Swedish-American Foundation 1940-41; recipient of a 
Squibb Research Fellowship, 1941-42, administered by the American 
Seandinavian Foundation. 

' Wintersteiner, O., and Ritzmann, J. R., unpublished data. 
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cholesterol by the combined action of heat and oxygen This was 
of concern to us in so far as we could not be absolutely certain that, 
in spite of the precautions taken, some accidental autoxidation of 
cholesterol had not occurred during the fractionation of the serum 
and given rise to one or the other of the two chromogenic diols 
isolated. An inquiry into the nature of the chromogen formed 
by autoxidation particularly under conditions such as might 
prevail at one time or other during the isolation process seemed 
in order. 

Of special interest to us in this connection was the work of Blix 
and Léwenhielm (5) on account of the comparative mildness of 
the conditions employed and the high yields of ‘“‘oxycholesterol’”’ 
reported. These authors aerated colloidal aqueous solutions of 
cholesterol under various conditions and determined the amount of 
chromogen formed by quantitative application of the Lifschiitz 
reaction. We adapted their colorimetric procedure to our pur- 
poses, with pure 7(8)-hydroxycholesterol as standard,? and 
repeated some of their experiments on a preparative scale, using 
cholesterol sols stabilized with sodium stearate. At 85°, which 
was chosen as the standard temperature for subsequent work, the 
amount of chromogen formed after 2 hours was consistently 25 
to 30 per cent of the cholesterol present, and could not be raised 
by further aeration. In working up the reaction mixtures only 
about 20 per cent of still highly impure cholesterol could be re- 
covered in crystalline form. The mother liquor material was 
acetylated and subjected to chromatographic separation. The 
fractions with the highest chromogen content were hydrolyzed and 
benzoylated, and yielded 7(a)-hydroxycholesterol dibenzoate 
without any difficulty. 

In the search for other autoxidation products we were aided by 
ultraviolet absorption measurements, which revealed the presence 
of two distinct light-absorbing entities. The extinction was 
particularly high in the region around 240 muy, characteristic for 
a, B-unsaturated ketones, while the other band, with a maximum 
of 280 mu, was much less intense. Fractionation with Girard’s 


2 The details of the colorimetric procedure will be given in a subsequent 
paper. The “color equivalent’ referred to in the text and in Table I gives 
the chromogenic potency of the unknown sample as per cent of that of 


7(8)-hydroxycholesterol 
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reagent showed that large amounts of ketones were indeed present. 
75 per cent of the ketonic fraction was found to be digitonin- 
precipitable; decomposition of the digitonide yielded almost pure 
7-ketocholesterol. This compound thus accounted for most, if 
not all, of the light absorption around 240 mu. 

These findings, already communicated in a preliminary note 
(6), have now been extended to include the isolation of two addi- 
tional compounds. In the fractionation of larger amounts of the 
autoxidized mixture the ketones were removed as far as possible 
with Girard’s reagent. The ‘“‘non-ketonic”’ fraction, which con- 
tained all of the chromogenic material, was acetylated and sub- 
jected to chromatographic analysis. This effected first of all 
complete removal of the remaining cholesterol; furthermore it 
showed that besides 7(a@)-hydroxycholesterol, which is dextro- 
rotatory, a strongly levorotatory chromogen was present. The 
trend of the rotation values in the eluted chromogenic fractions 
(ef. Table 1) almost exactly paralleled that in experiments which 
we had previously carried out with similar material from pregnant 
mare’s serum. The highly levorotatory fractions in the latter 
series had given good yields of crystalline 7(8)-hydroxycholestero! 
directly on hydrolysis by alkali. The corresponding fractions 
from the autoxidation experiments, however, proved to be much 
less tractable. Further fractionation of the levorotatory chromo- 
gens by repetition of the chromatographic procedure proved 
necessary to obtain crystalline products. In one run this step 
yielded fractions of exceptionally high levorotation (—190° to 
—210°), which erystallized partly on standing. However, after 
purification the crystalline product failed to give the Lifschiitz 
reaction; it was identified as 7-keto-A*-cholestadiene (7-keto- 
cholesterilene). This compound is undoubtedly responsible for 
the major part of the light absorption at 280 mu. Its unexpected 
occurrence in the “non-ketonic” fraction is to be attributed to the 
incompleteness of separation in the Girard process. 

In subsequent runs, in which more attention was paid to this 
difficulty, we were able to secure levorotatory chromogenic frac- 
tions with a reasonably low content of light-absorbing entities. 
Eventually a small amount of a crystalline chromogen melting at 
137° was obtained. Since this product had the approximate 


* All melting points given in this paper are corrected. 
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composition of a cholestenediol and showed the correct Lifschiitz 
equivalent (98 per cent), it was reasonable to assume that we were 
dealing with 7(8)-hydroxycholesterol, contaminated with some of 
the a epimer (7). Later work showed that this conclusion was 
premature. The substance in question, here provisionally named 
Compound A, is a new isomer melting at 139-140°, which is not 
identical with any of the known cholestenediols. When pure 
it crystallized from methanol in characteristic hexagonal plates, 
quite distinct from the needle-shaped crystals of 7(8)-hydroxy- 
cholesterol. Other points of difference are its much higher 
levorotation (— 134°) and the lack of precipitability by digitonin. 
Furthermore only one hydroxyl group was demonstrable by 
esterification; the esters prepared were the monobenzoate (m.p. 
117°) and the mono-3 ,5-dinitrobenzoate (m.p. 164°). The com- 
pound absorbs bromine equivalent to one double bond. It is not 
attacked by lead tetraacetate. 

The properties of the new substance suggested that it may have 
arisen from 7(8)-hydroxycholesterol by rearrangement either 
during the primary reaction or during one of the steps in the isola- 
tion procedure. As to the first possibility, we convinced our- 
selves that 7(8)-hydroxycholesterol is not changed under the 
conditions of the autoxidation reaction. Treatment with Girard’s 
reagent was tried next. All of the material was recovered in the 
non-ketonic fraction, which on crystallization from methanol 
vielded Compound A in almost pure form. The same result was 
obtained by boiling a solution of the 8-diol in aleohol containing 
10 per cent acetic acid for 2 hours. 7(a)-Hydroxycholesterol, on 
the other hand, is not at all affected by this treatment. These 
results leave hardly any doubt that 7(8)-hydroxycholesterol is one 
of the products formed in the autoxidation reaction, and that it 
was transformed into Compound A during the Girard separation. 
In our work on pregnant mare’s serum the 7(8) isomer could be 
isolated as such because the fractions containing the chromogenic 
diols were obtained by a procedure which did not include treatment 
with Girard’s reagent. 

The fact that the rearranged product is recovered in the non- 
ketonic fraction proves that Compound A contains no, or no 
active, keto group. This was confirmed by treatment, under 
rigorous conditions, with semicarbazide acetate; the compound was 


recovered unchanged. 
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The facts so far ascertained favor the formulation of Compound 
A as a cholestenediol in which one hydroxyl group is situated at a 
tertiary carbon atom, probably C;. Allocation to this position 
would also furnish an explanation for the loss of precipitability 
by digitonin. While an additional hydroxyl group in positions 
4, 6, or 7 does not interfere with the digitonin reaction, such a 
group when situated at C; apparently exerts a hindering effect, 
since B-cholestanetriol-3 ,5 ,6 does not vield an insoluble digitonide 
(8). The same difference is evident in the behavior of 6-methyl- 
cholesterol, which reacts with digitonin, and of 6-methylcholes- 
tanediol-3 ,5, which fails to do so (9). We therefore tentatively 
assume that Compound A is a A®-cholestenediol-3 ,5 formed from 
the 3,7-diol by a rearrangement of the allylic type. Work to 
substantiate the proposed structure is in progress. 


EXPERIMENTAL 


Preparation and Aeration of Colloidal Cholesterol Solutions— 
The cholesterol used was recrystallized from methanol till the 
Lifschiitz reaction was negative. It contained no spectrograph- 
ically demonstrable amounts of 7-ketocholesterol. Our first 
experiments (7) were carried out on 0.05 per cent cholesterol sols, 
but we soon found that qualitatively and quantitatively identical 
results could be obtained with colloidal solutions containing up to 
0.5 per cent cholesterol. The sols were prepared directly in the 
reaction vessel, a round bottom three neck flask holding 3 liters 
and fitted with an efficient mechanical stirrer. One of the side 
tubules accommodated the air inlet tube ending in a bulb with fine 
holes, while the other held a thermometer. The flask rested on a 
steam bath permitting the maintenance of the reaction tempera- 
ture (85°) by adjustment of the steam intake. 1 gm. of sodium 
stearate was dissolved in 1 liter of water previously warmed to 
70-80° and the pH adjusted to about 8.5 with dilute hydrochloric 
acid. A hot solution of 5 gm. of cholesterol in 200 ec. of absolute 
ethanol was slowly added to the vigorously stirred contents of the 
flask. The stirring was continued for 5 hours at 85° + 2° while a 
slow stream of air passed through the solution. The alcohol con- 
densing in the upper part of the flask effectively prevented the 
escape of foam through the central mouth. 

The results obtained by this simple procedure are well re- 
producible. In a subsequent paper we shall report a series of 
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experiments in which we tested the influence of various experi- 
mental factors on the rate and extent of formation of the principal 
reaction products, 7-ketocholesterol and the chromogens. These 
studies revealed that the yields of these entities are not appre- 
ciably affected by variation, within rather wide limits, of oxygen 
pressure, speed of aeration, pH, substrate concentration, nature 
and purity of the detergents used, and the mode of preparation of 
the sol. This explains the absence of a more rigorous control of 
these variables in the procedure described above. 

Fractionation of Reaction Products—The aerated solution was 
cooled, transferred to a separatory funnel, acidified with hydro- 
chloric acid, and extracted with 500 cc. of ether. The ether phase 
was washed three times with about 100 cc. of a 10 per cent potas- 
sium hydroxide solution, and then with several portions of water 
till the ether became clear. The residue from the dried ether 
solution (4.8 to 5.2 gm.) was treated with Girard’s Reagent T 
(5 gm.) in the customary manner and separated into ketonie and 
non-ketonic fractions. 

The ketonic fraction generally accounted for 25 to 30 per cent 
of the weight of the starting material. Small additional amounts 
of ketones (about 5 per cent) could be recovered by subjecting the 
non-ketonic fraction to a second treatment with the reagent. The 
ketonic material was alwavs completely free of chromogenic 
compounds. 

?-Ketocholesterol—The partly crystalline ketonic fraction (1.4 
gm.) was purified by dissolving it in a small amount of ether and 
adding several volumes of pentane. The crystalline precipitate 
was filtered and washed with cold pentane (840 mg., m.p. 165 
168°). Two recrystallizations from the same solvents yielded 
needles which melted at 170-172°. The mother liquor material 
was acetylated, which permitted the recovery of additional 
amounts of the ketone in the form of the less soluble acetate. 


Analysis—Co7H,,0, Caleulated. C 80.93, H 11.08 
Found. 80.63, “ 10.83 


alp 104° (in chloroform 


Free 7-ketocholesterol has been previously described by Mauth- 
ner and Suida (10), who give its melting point as 157°, and by 
Ogata and Kawakami (11), who report 163-164°. 
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We saponified the acetate, prepared according to Windaus, 
Lettré, and Schenk (12), with potassium carbonate in 80 per cent 
methanol at room temperature in order to avoid formation of 
7-keto-A*°-cholestadiene which might occur in the hydrolysis 
with hot caustic alkali. The free ketosterol thus obtained showed 
the same melting point and specific rotation as the product iso- 
lated from the autoxidized mixture. The melting point of the 
mixed sample was not depressed. 

The absorption spectrum of the compound exhibits the band 
typical for a ,8-unsaturated ketones (in ethanol ¢ at \ 238 my = 
12,500). 

The acetate prepared from the isolated ketone melted at 157-— 
159°, as did the reference preparation. 


Analysis—CosH yO. Calculated. C 78.76, H 10.48 


Found. ‘* 78.55, ‘‘ 10.47 
[ald = —97° (in chloroform) 


When the crude ketonic fraction from another run was treated 
with digitonin in 90 per cent alcohol, about 75 per cent of its 
weight was precipitated. The product regenerated from the 
crystalline digitonide consisted of pure 7-ketocholesterol. The 
material recovered from the digitonide filtrate was a non-crystal- 
lizable oil. Its absorption spectrum indicated that it contained 
7-ketocholestadiene, but also some 7-ketocholesterol which had 
escaped precipitation. Since the latter compound preponderated 
in the mixture, the isolation of the diene from this fraction was 
not attempted. 

Non-Ketonic Fraction—This fraction contained all of the chromo- 
genic material (about 40 per cent of its weight), the unattacked 
cholesterol (about 50 per cent), and ketones which had escaped 
the Girard reaction (5 to 10 per cent). The mixture was acety- 
lated with acetic anhydride and pyridine at room temperature. 
The acetylated product was dissolved in pentane, adsorbed on a 
column of Brockmann’s aluminum oxide, and fractionally eluted 
with mixtures of pentane and benzene, benzene, and finally ace- 
tone, as exemplified in Table I. 

?-Keto-A* °-Cholestadiene—In the experiment recorded in Table 
| the amount of residual ketones was exceptionally low, since the 
autoxidation products had been treated twice with Girard’s rea- 
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gent. In other runs, which had received but one such treatment, 
7-ketocholesterol was spectrographically demonstrable in all the 


TABLE | 
Example of Chromatographic Separation of Non-Ketonic Material (0.98 Gm.) 


Column 250 X 18 mm., Brockmann’s aluminum oxide, holding about 
40 cc. of solvent. The eluates were cut for each 40 ec. of ingoing solvent. 


i Color 
“or Solvents (ingoing by Ghine lent (e/. Compounds isolated 
ile tion form foot- 
| note 2 
| mg. degrees 4 
l | Substance in pentane 0 
2 e 6 ‘ 0 
a es ” i l 
1 Benzene-pentane, 1:9 37 | 
5 | ; 1:9 101 15 0) 
6 | 1:9 | 108 
7 1:9 54 Crystalline 
8 2:8 36 cholesterol 
9 2:8 28 69 0 acetate 
10 2:8 16 
1] ; 2:8 29 S2 s4 
12 e aT) @ 9] 115 Compound A 
13 3:7 34 —107 150 
14 | 1:6 33 62 
15 | 1:6 14 77-100 
16 | 1:6 17 
17 | 1:6 9 
is | 6:4 7 
19 | 6:4 22 70 4 
20 | 6:4 19 
21 | 6:4 IS 
22 Benzene 17 
23 18 +20 93 7(a@)-Hydroxy- 
24 27 cholesterol 
25 22 
26 Acetone 83 3 0 
27 > 115 +2 $2 
28 2 


eluates past those containing the cholesterol, the major part 
appearing in the acetone washings. This was true also of the 
entity absorbing around 280 mu, but in some cases the levorotatory 
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chromogenic fractions washed out by pentane-benzene 8:2 and 
6:4 also exhibited fairly intense absorption in this region. It was 
material of this description from which we isolated, more or less 
accidentally, the substance responsible for this absorption, 7-keto- 
A} 5-cholestadiene. 

1.4 gm. of such a product were readsorbed on aluminum oxide 
and eluted in the usual manner. Three of the fractions eluted 
with pentane-benzene 8:2 showed an unusually high levorotation 
(—195° to —210°), and on standing in the desiccator crystallized 
in part. The crystals were freed from oily by-products by wash- 
ing with a little cold methanol. Two recrystallizations from the 
same solvent yielded plates melting at 109-111°. The melting 
point remained unchanged on admixture of an authentic sample of 
the ketodiene which had been prepared from 3-chloro-7-keto-A°- 
cholestene according to Marker and coworkers (13). 

Analysis—C2;H yO. Calculated. C 84.75, H 11.07 

Found. “84.38, ‘* 10.90 
lalp = —266°; reference preparation, — 279‘ 
e at A 280 me = 23,000 (in ethanol) 

?(a)-H ydroxycholesterol Dibenzoate—Fractions 23 to 25 (Table 
1), together 97 mg., were hydrolyzed with 4 cc. of 5 per cent 
methanolic potassium hydroxide at room temperature for 2 days. 
The hydrolysis product (79 mg.) was treated with 1.5 cc. of 
pyridine and 0.5 ee. of benzoyl chloride. After standing over- 
night at room temperature the mixture was worked up in the 
usual manner. The benzoylated product crystallized on short 
boiling with methanol, yielding 70 mg. of needles melting at 
164-169°. Reerystallization from the same solvent raised the 
melting point to 171—172.5°. 

The preparation obtained in our preliminary experiment melted 
at 174°. It did not depress the melting point (174°) of an authen- 
tic specimen prepared according to Windaus, Lettré, and 
Schenk (12). 

Analysis —CyH Oy. Caleulated. C 80.60, H 8.92 

Found. ** $0.78, ** 9.02 
al? = +94.3° (in chloroform); reference preparation, +92.8° 


Compound A---Fractions 11, 12, and 13 (Table I) were combined 
and hydrolyzed in the usual manner with cold methanolic potas- 
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sium hydroxide solution. On standing, the dark brown solution 
deposited crystals, which were separated by filtration and washed 
with methanol. The product (82 mg.) melted unsharply at 140°. 
Its purification proved difficult and wasteful. The final recrystal- 
lization from methanol-ether left only 7 mg. of needles (m.p. 137°) 
possessing the approximate composition of a cholestenediol and 
giving a color equivalent of 98 per cent in the Lifschiitz reaction, 
It is now clear that this substance was not, as we then assumed 
(7), 7(8)-hydroxycholesterol contaminated with some of the 
a epimer, but Compound A. 

In an attempt to secure larger amounts of the supposed 6-diol 
11 gm. of “‘non-ketones” were worked up in the manner described. 
The levorotatory chromogens (1.1 gm., [a], = —80° to —100°) 
were rechromatographed, but no further appreciable fractionation 
was accomplished in this step, as the rotation and chromogen 
values of most of the eluates did not deviate markedly from those 
of the starting product. The fractions eluted with pentane- 
benzene 8:2 (264 mg.), when hydrolyzed in the usual manner at 
room temperature and then allowed to stand in the refrigerator, 
yielded a copious deposit of rosettes of needle-shaped crystals 
(215 mg., m.p. 135°). On recrystallization from methanol large 
hexagonal plates melting at 139-140° were obtained. Further 
recrystallization did not change the melting point. 


Analysis—C.;HyO2. Calculated. C 80.52, H 11.52 
Found. ‘¢ 80.84, “* 12.07 
* * 80.52, “ 11.62 


A sample of this preparation was sublimed in a high vacuum 
at 120-130°. The crystalline sublimate, which melted at 137°, 
was analyzed without further purification; found, C 81.19, H 
11.77 and C 81.09, H 11.81; [a]? = —134° (in chloroform); 
Lifschiitz color equivalent about 150. The compound is trans- 
parent in the ultraviolet region above 220 mu. 

The compound did not precipitate with digitonin in 90 per cent 
ethanol, and showed the original melting point after recovery 
from the mixture by ether extraction. 

The determination of the bromine uptake was carried out 
according to Ralls (14); 6.99 mg. (0.0174 mm) within 30 minutes at 
0° consumed 0.0366 milliequivalent of bromine and liberated 
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0.0033 milliequivalent of acid; calculated for one double bond 
(0.0348 milliequivalent of Br. 

Monobenzoate—Benzoylation with benzoy! chloride and pyridine 
at room temperature yielded an inhomogeneous product. 29 mg. 
were therefore treated with 0.2 and 1.5 ce. respectively of these 
reagents for 3 hours at 80°. The reaction product was recovered 
by ether extraction, leached with cold methanol, and then recrys- 
tallized from ethanol. 26 mg. of needles melting at 109-110° 
were obtained. After two more recrystallizations from methanol 
the melting point became constant at 116-117°. 

CygHsoOs. Caleulated. C 80.58, H 9.95 
Found. ‘* 80.72, ‘* 10.09 
** 80.69, “* 10.13 


Mono-3 ,5-Dinitrobenzoale-—25 mg. were treated with 100 mg. 
of the acid chloride and pyridine as described for the benzoate. 
The reaction product (25 mg.) was recrystallized from methanol- 
benzene to yield small needles melting at 163-164°. Further 
recrystallization did not change the melting point. 


Analysis —CyHysOrNe. Caleulated. C 68.44, H 8.11, N 4.69 
Found. ‘* 69.40, ‘‘ 8.33, ** 4.82 


The high carbon value was not improved in the analysis of 
another preparation of the same melting point, which had been 
subjected to additional purification by the chromatographic 
method. 


Found. C 69.30, H 8.58, N 4.72 


Rearrangement of 7(8)-Hydroxycholesterol to Compound A— 
A solution of 50 mg. of the diol in 5 ee. of absolute aleohol con- 
taining 10 per cent acetic acid and 50 mg. of Girard’s Reagent T 
was boiled under a reflux for 2 hours. The mixture was poured 
into ice water containing sodium hydroxide equivalent to nine- 
tenths of the acetic acid, and was extracted with ether. The ether 
residue, a colorless oil weighing 50 mg., crystallized on addition of 
methanol. The crystals were collected and washed with cold 
methanol (25 mg., m.p. 136-137°). After recrystallization the 
melting point was 137—138°. A mixture with Compound A melted 
at the same temperature. 

50 mg. of 7(8)-hydroxycholesterol were treated in the same 
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manner, except that Girard’s reagent was omitted; 25 mg. of 
Compound A melting at 136° were obtained. 

Benzoylation of 38 mg. of the rearrangement product yielded 
42 mg. of the monobenzoate melting at 115-116°. 

DISCUSSION 

While it has been known for some time that cholesterol in col- 
loidal aqueous solution is very susceptible to the action of molee- 
ular oxygen (5, 15, 16), our experiments have now for the first 
time thrown light on the nature of the resulting autoxidation 
products. The results may be summarized by stating that the 
main point of attack is position 7 in the cholesterol molecule, and 
that the conversion into 7-substituted compounds takes place with 
surprising ease and to a much greater extent than could be fore- 
seen. Theoretical considerations regarding the probable chemical 
mechanism of the autoxidation reaction will be presented in a 
subsequent publication. Here we wish to discuss more specifically 
the biological implications of our findings. In this connection 
it should be mentioned that the formation of 7-ketocholesterol 
and of the chromogens proceeds just as well at 37° as at 85°, 
although at a much slower rate (7). In fact the conversion seems 
to be more complete at the lower temperature, which is due to an 
increased production of the ketone. There is no reason, then, why 
this type of autoxidation should not also occur in vivo, as its 
prerequisites, cholesterol held in colloidal solution and_ high 
oxygen pressures, certainly obtain in biological systems. Further- 
more, it must be remembered that 7-ketocholesterol and 
7(a)-hydroxycholesterol are intermediates in the laboratory 
preparation of 7-dehydrocholesterol, provitamin D,; (12), which 
has been shown by Windaus and collaborators to occur in various 
animal tissues (17), and has been isolated in ervstalline form from 
pig skin (18). The formation of provitamin D-containing prod- 
ucts from cholesterol by autoxidative measures has been often 
described; it is reasonable to assume that the two compounds 
mentioned are concerned as intermediates in this process, and 
that this may also be the case in the biological formation of the 
provitamin. This premise granted, our present results do not 
necessarily prove that the compounds isolated from mare’s serum, 
to which we have recently added 7-ketocholesterol,'! must have 
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arisen in toto by autoxidation outside of the body. On the other 
hand, it is highly probable that at least a part of the isolated 
products were formed in vitro during the initial phases of the 
isolation procedure, when soaps were still present. Our recent 
observation that the addition of cyanide prevents the autoxidation 
reaction may be helpful in deciding the question whether, or to 
what extent, these compounds occur preformed in the biological 
starting materials. 


SUMMARY 


Cholesterol when aerated at 85° in colloidal aqueous solution 
is for the major part transformed into a mixture of compounds, of 
which 7-ketocholesterol, 7-keto-A*-cholestadiene, and 7(a)- 
hydroxycholesterol have so far been identified. The chief reaction 
product is 7-ketocholesterol, which accounts, on the basis of 
spectrographie data, for about 40 per cent of the cholesterol used, 
and has been actually recovered in yields of 20 to 25 per cent. A 
fourth compound (m.p. 139-140°) isolated from the reaction 
mixture was shown to be a rearrangement product of 7(8)-hydroxy- 
cholesterol formed from the latter on treatment with Girard’s 
reagent during the fractionation procedure. The new substance 
is not identical with any of the known cholestenediols. Its proper- 
ties and probable structure are discussed. 

These results show that position 7 in cholesterol is extremely 
susceptible to attack by molecular oxygen, while the 3-hydroxy] 
group is not involved in this type of oxidation. 

Certain biological implications of these findings, especially 
their bearing on the recent isolation of 7-substituted derivatives 
of cholesterol from blood and tissues, are discussed. 


The analyses of Compound A and derivatives were carried out 
by Mr. J. F. Alicino, Fordham University, the rest by Mr. William 
Saschek, Columbia University. 
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THE COENZYME I CONTENT OF RAT TISSUES IN 
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The marked stimulatory effect of the secretion of the thyroid 
gland upon the basal metabolic rate is generally recognized. A 
fuller understanding of this general phenomenon has been sought 
through in vitro studies on the metabolism of surviving tissues 
from hyperthyroid animals. Thus, a number of workers (1-3) 
have observed marked increases in the oxygen consumption of 
tissues from animals in which a state of hyperthyroidism had been 
experimentally induced. Also, evidence has been presented to 
show that the addition of thyroxine to tissue slices may result in an 
increased oxygen consumption (4, 5). This relationship of the 
thyroid hormone to respiratory processes has prompted studies on 
the effect of the hormone upon the individual components of such 
respiratory systems. Cohen and Gerard (1) have observed appre- 
ciable increases in the dehydrogenase activities of various systems 
studied in tissues from hyperthyroid rats. Klein (6) reported an 
increase in the d-amino acid oxidase content of liver from hyper- 
thyroid rats and showed later (7) that the increase in activity was 
probably due to an increase in the protein component of the 
oxidase. Peters and Rossiter (8) noted that hyperthyroidism 
caused a fall in the cocarboxylase content of rat tissues. This 
effect could be overcome by the administration of increased doses 
of thiamine. 

As an extension of the general subject of the relationship of 
hyperthyroidism to respiratory catalysts, the present investigation 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. These studies were aided by a grant from the 
Rockefeller Foundation and the Works Progress Administration. 


611 








612 Coenzyme I in Hyperthyroidism 


was undertaken to study the effect of experimentally produced 
hyperthyroidism upon the coenzyme I content of rat tissues 

A great deal of evidence has been accumulated to show that the 
requirements for vitamin A (9-11), ascorbic acid (12, 13), thiamine 
(14, 15), and possibly other members of the vitamin B complex 
(14, 15) are increased greatly in a state of hyperthyroidism. In 
this connection it became of interest to investigate the requirement 
of the rat for nicotinie acid in hyperthyroidism and also to study 


TABLE | 


Composition of Rations 


Components Ration I* | Ration It | Ration IIIf 

Yellow corn, gm. zz 71 

Labeo casein, * Is IS IS 

Sucrose, gm. 76 

Salts (16), gm. j i H 

Cottonseed oil, gm.... 5 5 

Cod liver = 2 2 

Corn oil, gm. 2 

Thiamine ,t mg. 0.30 2 2 

Pantothenic acid, mg. 2 2 

Riboflavin, mg. 0.30 l l 

Pyridoxine, * 0.30 l l 
100 


Choline, mg. 


* 1 drop of haliver oil was fed weekly to each rat. 

+ 4 drops of haliver oil were fed weekly to each rat. 

t We are indebted to Merck and Company, Inc., for generous supplies of 
thiamine, pantothenic acid, riboflavin, pyridoxine, nicotinic acid. and 


choline 


the effect of excessive dosages of nicotinic acid in counteracting 
any deleterious action of the hyperthyroid condition upon the 
coenzyme I content. 
Procedure 

Albino rats taken from the stock colony and weighing from 
200 to 250 gm. were employed in Experiments A and B, while 
weanling rats were emploved in Experiment C. The rats were 
housed in individual wire-bottomed cages and were weighed 
weekly. The composition of the rations which were fed ad libitum 


is given in Table I. 
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Desiccated thyroid was fed at a level of 200 mg. per day for 
periods of time varying from 3 to 4 weeks. The daily dosage of 
dried gland was mixed with a small amount of the ration and food 
was withheld from the rat until this portion was consumed. This 
procedure insured complete consumption of the desiccated thyroid. 
The thyroxine solution, prepared by dissolving thyroxine! in the 
minimum amount of 0.1 N NaOH and diluting to volume with 
distilled water, was administered daily by subcutaneous injection 
over varying periods of time at levels ranging from 0.20 to 20 mg. 
per kilo of body weight. 

Determinations of the coenzyme I content of liver, kidney 
cortex, and in some instances of thigh muscle were made by the 
yeast fermentation method described by Axelrod and Elvehjem 
(17). Recovery experiments which were carried out on a series 
of tissue extracts from the hyperthyroid rats proved satisfactory 
and were not affected by the in vitro addition of desiccated thyroid. 


EXPERIMENTAL 


Experiment A—Ration I was fed to thirteen rats, six of which 
received in addition 5 mg. of nicotinic acid per 100 gm. of ration. 
After 2 weeks on this regimen, desiccated thyroid was administered 
daily for 3 weeks to three rats from each of the two groups. The 
rats were then sacrificed and the coenzyme I content of the liver 
and kidney cortex was determined. The results are given in 
Table IT. 

The data indicate an appreciable decrease in the coenzyme | 
content of livers from the thyroid-fed rats. The additional supple- 
mentation with 5 mg. of nicotinic acid per 100 gm. of ration had 
no beneficial effect upon the average coenzyme I content. No 
significant changes were observed in the coenzyme I concentration 
of the kidney cortex. It is also apparent that the administration 
of nicotinic acid had no effect upon the rate of growth of either 
the control or the thyroid-fed rats. 

Experiment B—In this experiment, Ration II, identical with 
Ration I except for its higher content of the synthetic vitamins, 
was employed in an attempt to determine whether the loss in 
weight resulting from thyroid administration as observed in 
Experiment A could be overcome by increasing the level of vitamin 


1 Roche-Organon synthetic crystals. 
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intake. The effect of increased nicotinic acid consumption upon 
the low coenzyme I concentration observed in hyperthvroidism 
was also investigated. Twenty-three rats were divided into the 
groups shown in Table II. Where indicated, nicotinic acid was 


TABLE II 


Coenzyme I Content of Tissues from Control and Thyroid-Fed Rats 


Average coenzyme I content,* per gm. 


Ration No. and No. of wae wet Average 
supplement rats weekly 
— Kidney Thigh gain} 
cortex muscle 
Experiment A 
¥ Y Y gm. 
Control | + | 1036 1036 15 
(975-1075) (952-1235) 
I + nicotinic 3 924 1126 15 
acidt (884-969) (945-1207) 
Thyroid- I 3 726 922 9 
fed (650-851) (751-1221) 
I + nicotinic 3 706 1056 9 
acidt (513-997) (840-1207) 
Experiment B 
Control II 5 1110 1053 663 15 
(954-1250) (1000-1141 550-800 ) 
II + nicotinic 3 929 1113 633 15 
acid§$ 875-1000) (1010-1250) (605-675) 
Thyroid- II Ss 553 666 638 16 
fed (355-722) 162-910) (580-700) 
Il + nicotinic 7 922 1013 659 15 
acid$ §$26-1150) (S19-1341) (600-710) 


* The range of values is given in parentheses. 

Computed during the period in which thyroid was being fed 
5 mg. of nicotinic acid per 100 gm. of ration. 

20 mg. of nicotinic acid per 100 gm. of ration. 


+ + 


a 


fed at a level of 20 mg. per 100 gm. of ration. Desiccated thyroid 
was administered daily over a period of 4 weeks, at the end of 
which time the coenzyme I concentrations of liver, kidney cortex, 
and thigh muscle were determined. 

Decreases of 50 and 37 per cent were observed in the liver and 
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kidney cortex, respectively, from the thyroid-fed rats receiving no 
added nicotinic acid. The coenzyme I concentration of muscle 
was not affected. It is also evident that supplementation with 20 
mg. of nicotinic acid per 100 gm. of ration prevented the decrease 
in coenzyme I content, although it had no effect upon the growth 
rate of either the control or the thyroid-fed rats. 

Experiment C—The observation that the experimentally induced 
state of hyperthyroidism in the rat resulted in a lowered coenzyme 
I content of certain tissues prompted a further attempt to produce 
a true nicotinic acid deficiency in the rat. Twelve weanling rats 
were placed on the basal Ration III. Six of these rats received in 
addition 20 mg. of nicotinic acid per 100 gm. of ration. All of the 
rats were given daily subcutaneous injections of thyroxine. The 
daily dosage of thyroxine was increased gradually from 0.20 mg. 
per kilo of body weight until, at the completion of the experiment, 
a daily dosage of 20 mg. per kilo of body weight was employed. 
The experiment was continued for 3 months, during which time 
the rats were weighed weekly and daily food consumption records 
were taken. 

No differences in either growth rate or outward appearance were 
observed between the control group and the group receiving added 
nicotinic acid, the average weekly gain for both groups being 20 
gm. This weekly growth rate is typical for rats receiving Ration 
III under normal circumstances and is not increased by the addi- 
tion of nicotinic acid to the ration. The food consumption of the 
rats in this series receiving thyroxine was 3 times that normally 
noted in rats consuming this ration. 

DISCUSSION 

The data presented indicate clearly that the feeding of thyroid 
to rats receiving a diet low in nicotinic acid results in a marked 
diminution in the coenzyme I content of both the liver and kidney 
cortex. It is logical to assume that the increased basal metabolic 
rate is the cause of this decrease in coenzyme I content. Whether 
the primary effect of induced hyperthyroidism is to promote a 
decrease in coenzyme I synthesis or an increase in coenzyme I 
destruction must remain unanswered for the present. However, it 
is evident that increased dosages of nicotinic acid can restore the 
normal coenzyme I content in the hyperthyroid rat, and thus 
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counteract the deleterious effect of the increased basal metabolic 
rate. 

The above results may assume significance with regard to the 
nutrition of the hyperthyroid patient. The work of Dann and 
Kohn (18) and Shourie and Swaminathan (19) has demonstrated 
that the rat is capable of synthesizing nicotinic acid. It is a recog- 
nized fact that the human is limited greatly in his ability to per- 
form such a synthesis. Thus, the occurrence of a decreased 
coenzyme I concentration observed as a result of the hyperthyroid 
condition in a species capable of synthesizing nicotinic acid should 
also be expected, and perhaps to a greater extent, in a species 
which lacks this ability. It follows that the need for a larger 
intake of nicotinic acid is indicated in cases of hyperthyroidism. 
The above reasoning is based upon the supposition that a decreased 
coenzyme I content in the human may result in a pathological 
condition. No evidence for this belief can be derived from the 
rat experiments presented in this paper, since in no case, either 
in the normal or the hyperthyroid rat, was it possible to demon- 
strate any beneficial effect of nicotinic acid upon growth. It may 
be concluded that nicotinic acid was not the factor which limited 
growth on the experimental diets used and that a decrease in the 
coenzyme I content of the tissues of the hyperthyroid rat had no 
effect on growth activity as observed on such rations. A similar 
situation may not be necessarily true for the human and the nega- 
tive results obtained with the rat do not establish conclusively the 
inefficacy of excessive nicotinic acid therapy to humans in ahyper- 
thyroid state. 

SUMMARY 

1. The effect of an induced state of hyperthyroidism upon the 
coenzyme I content of rat tissues was studied. Marked decreases 
in the coenzyme I content of the liver and kidney cortex were 
observed in hyperthyroid rats fed rations low in nicotinic acid. 
Supplementation of such rations with 20 mg. of nicotinic acid per 
100 gm. of ration restored the normal coenzyme I content. 

2. On diets low in nicotinic acid, the rates of growth of neither 
the control nor the hyperthyroid rats were increased by the addi- 
tion of nicotinic acid. 
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In previous papers (1, 2) we reported that the administration to 
rats of an alcohol-soluble fraction of beef liver caused markedly 
fatty livers, characterized by a high content of cholesterol. Co- 
incidentally there was a gain in body fat and body weight. The 
fatty livers thus produced differed from the thiamine type of fatty 
livers in that they were not prevented by supplying choline but 
were prevented by feeding lipocaic. In a continuation of this work 
we have found that biotin exerted an action similar to that of the 


erude liver fraction. 


Methods 


Rats were employed as test animals. The strain, age, and care 
were the same as previously reported (3). Basal Diet 1 (3) was 
used throughout. To deplete the rats of their stores of B vitamins 
and of fat, they were fed only the basal diet for 3 weeks. At the 
end of this period body weight and body fat had definitely dimin- 
ished. During the following week various combinations of supple- 
ments were administered to different groups. Thiamine, 
riboflavin, pyridoxine, calcium pantothenate, nicotinic acid, 
choline, and the crystalline biotin solutions were given by sub- 
cutaneous injection. Supplements other than those previously 
mentioned were mixed with the food. Vitamin and choline sup- 
plements were given in the following amounts per rat per day, 
unless otherwise indicated: thiamine hydrochloride (Merck) 25 y, 
riboflavin (Merck) 20 y, pyridoxine (Merck) 20 y, calcium panto- 
thenate (Merck) 100 y, nicotinic acid (Eastman Kodak Company) 
100 y, choline hydrochloride (British Drug Houses), calculated as 
choline base, 10 mg., biotin (kindly donated by 8S. M. A. Corpora- 
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tion) 5 y, lipocaic (generously furnished by Eli Lilly and Company) 
300 mg. 

The rats were killed by stunning, the livers removed, and total 
crude fatty acids in the livers and bodies were determined by meth- 
ods previously published (3, 4). By means of the Schoenheimer 
and Sperry procedure (5), the total cholesterol in the crude fatty 
acid fraction of the liver and body was determined. All reported 
results are averages for groups of ten rats, except for one group in 


Series 4. 
Effect of Biotin upon Fat Synthesis 


Series 1—-A liver fraction, similar to the one used by us (2), 
has served as a source of biotin in other laboratories (6-8). It 
seemed advisable to ascertain whether biotin would produce a 
fatty liver, not preventable by choline, resembling that caused by 
the liver fraction. A solution of biotin, prepared in this laboratory 
from the liver fraction by the method of Gyérgy, Kuhn, and 
Lederer (7), and several commercial solutions have been tested. 
The total crude fatty acids in the liver and body at the end of the 
experiment are given in Table |. The biotin solutions exerted an 
effect upon liver fat similar to that of the liver fraction. 

Series 2--Preliminary experiments showed that biotin would not 
cause fatty livers unless other B vitamins were supplied. The 
effect of the known B vitamins upon the activity of biotin was 
investigated. Acutely fatty livers were not produced unless 
thiamine, riboflavin, pantothenic acid, and pyridoxine were sup- 
plied with biotin. In the absence of thiamine there was no evi- 
dence of fat synthesis. An additive effect of the various B vita- 
mins was also evident. The total crude fattv acids in the liver 
and body are given in Table IT. 

Series 3—The rate of development of fatty livers in rats fed 
biotin was investigated. The results are given in Table 1. Data 
regarding liver and body cholesterol are also included. 

Series 4—In the series reported above the biotin solutions were 
all comparatively crude. In addition to the two mentioned, biotin 
solutions kindly contributed by Merck and Company, Inc., and by 
The Fleischmann Laboratories showed similar activity. In all 
these cases it might be said that the results were not due to biotin 
but to an impurity contained in the preparations. Through the 
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TABLE | 
Effect of Biotin upon Fat and Cholesterol Metabolism 


Total crude Total 
Series | Sapplemente fatty acids cholesterol 
Liver | Body | Liver Body 
| per cent per cent|per cent per cent 
1 None, 3 wks. depletion 2.4 Py 
All isolated B vitamins, choline 9.5! 6.5 
Same + liver fraction oe © 
‘* + biotin (S. M. A.) 17.8 5.9 
«4+ (Sehool of Hygiene) 117.9 6.7 
3 None, 3 wks. depletion | 4.6 1.9 | 0.32 | 0.15 
All isolated B vitamins, choline, biotin 
24 hrs. 1.0| 2.4] 0.22 | 0.18 
4g ‘ 7.1 3.0 | 0.34 | 0.19 
72 14.1 4.4 | 0.50 | 0.26 
5 days 18.3) 6.1 | 0.80 | 0.26 
7 17.9 7.2 | 0.93 | 0.25 
{ None, 3 wks. depletion 3.3 | 1.7 | 0.38 | 0.23 
All isolated B vitamins, choline 11.2. 7.7 | 0.71 | 0.30 
Same + biotin (S. M. A.) 19.3 8.2 | 1.08 | 0.27 
+ (erystalline) 17.8 | 7.3 | 1.25 | 0.28 
5 All isolated B vitamins, choline 13.2 | 6.3 | 0.64 | 0.29 
Same + biotin (S. M. A.) 13.5 | 6.5 | 0.67 | 0.25 
6 None, 3 wks. depletion 3.6 | 1.9 | 0.16 | 0.12 
All isolated B vitamins, choline 6.7 5.7 | 0.35 | 0.22 
Same + lipocaic 4.5 | 6.3 | 0.20 | 0.17 
«+ biotin 15.6) 5.9 | 0.79 | 0.16 
+ ‘* - lipocaic | 3.7] 7.8 0.10 | 0.18 
TABLE II 
Effect of B Vitamins upon Fat Synthesis by Biotin in Series 2 
Biotin ! + + + + + 
Thiamine + + }- + + 
Riboflavin + + + + + + 
Ca pantothenate + + + + + + + 
Pyridoxine + + + + + + + 
Nicotinie acid + {- + + + + + 
Choline 4 4 + me 4. 4. + | 
or taaee a, se Te 
Total crude fatty | 
acids 
Liver, % 3.3 | 18.3 | 10.7 | 2.5 | 5.2 | 8.6 | 11.4 21.6 | 25.5 
Body, % 1.7 5.6 6.9; 1.8 3.6] 5.7 5.8 6.1 5.0 
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courtesy of Dr. du Vigneaud we have been able to test the activity 
of crystalline biotin. A solution of biotin methyl ester was sup- 
plied to us by Dr. du Vigneaud. Because of the limited amount 
available it was necessary to use only five animals. The biotin 
solution was injected subcutaneously with a dosage of 5 y per rat 
per day. It will be observed that the crystalline material had an 
effect similar to that of the crude solutions. 

Series 5—It has been reported that raw egg white will inactivate 
biotin in vivo (9). In this series a basal diet consisting of agar 2, 
salt mixture 4, sucrose 84, cod liver oil concentrate 0.015 parts was 
used. Each rat received, in addition, 4 ec. of raw egg white per 
day mixed with the basal diet. Under these conditions the biotin 


+ BIOTIN 








a 
S 
60 P_ 
Piet sits 
50 a 
Diet Dericient In BR VITAMINS 
40 — | i i of. A. 4... 
5 10 iS 20 25 DAYS 


Fic. 1. The effect of biotin upon the body weight. During the supple- 
ment period thiamine, choline, riboflavin, pyridoxine, and Ca pantothenate 
were administered. 


solution did not cause an increase in liver fat. We regard this as 
further evidence that biotin is the active agent in causing this type 
of fatty liver. 

Series 6—-It has been reported that lipocaic would prevent the 
development of fatty livers when the beef liver fraction was given 
(2). Lipocaic was equally effective in preventing the development 
of fatty livers when biotin was administered, as is shown in this 
series. 

Biotin also resembled the active factor in the liver fraction by 
causing an increase in body weight, as shown in Fig. 1. A similar 
liver fraction has been employed as a source of factor W (10). 
It seems likely that the effect, ascribed to factor W, of causing 
weight increases might have been due to biotin, acting in conjune- 
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tion with the other B vitamins. Other workers (9, 11) have noted 
the effect of biotin in causing an increase in the body weight of rats. 


Effect of Biotin upon Cholesterol Metabolism 


In Series 3, when biotin was given, the increase in cholesterol 
in the liver paralleled the increase in liver fat. Crystalline biotin, 
as well as the crude biotin solutions, caused the amount of choles- 
terol in the liver to be greater than in the control group receiving 
all the isolated B vitamins and choline, as shown in Series 4. 
Further proof that biotin is concerned in cholesterol metabolism is 
offered in Series 5, since raw egg white, given with biotin, was able 
to prevent not only an increase in liver fat but also an increase in 
liver cholesterol. Lipocaic, which prevented the increase in liver 
fat caused by biotin, maintained the liver cholesterol at a low level, 
as shown in Series 6. 

DISCUSSION 

Evidence has been presented which indicates that biotin is the 
active factor, in the alcohol-soluble fraction of beef liver, which 
causes the amount of fat and cholesterol in the livers of rats to be 
increased. Final proof that the beef liver fraction owes its activity 
in producing fatty livers to biotin could only be supplied by the 
isolation of biotin from the fraction. The following points of 
evidence are cited to indicate that our assumption is valid: (1) 
Crude solutions of biotin from several sources exhibited the same 
physiological action as did the liver fraction. (2) The activity of 
the crude biotén solutions was obliterated by the simultaneous 
feeding of egg white. (3) Crystalline biotin had the same phy- 
siological action as had the crude solutions of biotin, and as was 
shown by the liver fraction in producing acutely fatty livers 
containing large amounts of cholesterol. 

Simultaneous administration of lipocaic prevented the increased 
fat and cholesterol in the liver caused by biotin, while choline was 
ineffective in this respect. Choline was able to prevent the de- 
velopment of the thiamine type of fatty liver but not the type 
caused by liver fraction or by biotin. We shall refer to this latter 
kind of fatty liver as the biotin type to distinguish it from that 
caused by thiamine. Previous reports have shown that the pro- 
duction of biotin fatty livers can be prevented by lipocaic-like 
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extracts made from wheat germ and other sources (12) and also 
by inositol (13). 

Biotin produced an acutely fatty liver in a comparatively short 
time. A significant increase was observed in 24 hours and the 
maximal level of liver fat was secured in 5days. It should be made 
clear that the production of these fatty livers was not due simply 
to withdrawal of fat from the body. Coincident with the de- 
velopment of fatty livers there was a marked increase in the 
amount of body fat. In Series 2 the quantity of body fat was 
increased 2.5 times in 5 days, owing entirely to synthesis, since no 
fat was furnished in the diet. It seemed possible that the produe- 
tion of the fatty liver by biotin was due to accumulation of choles- 
terol in the liver. This may be true, but the increase in liver 
cholesterol did not occur prior to the production of the fatty liver. 
Biotin did not increase the amount of cholesterol synthesis, but 
did augment the quantity of cholesterol in the liver. 

Engel reported (14) that pantothenic acid caused the same type 
of fatty liver as that produced by the beef liver fraction. Our 
results show that choline does not completely prevent the de- 
velopment of fatty livers when thiamine, riboflavin, pyridoxine, 
and pantothenic acid are supplied. The liver does not, then, con- 
tain the large amounts of cholesterol evident when biotin is given. 
The amount of liver fat can be augmented by giving pantothenic 
acid in conjunction with thiamine, riboflavin, and pyridoxine, but 
the amount is much further increased by also supplying biotin. 
The effect of biotin is not secured unless thiamine, riboflavin, 
pyridoxine, and pantothenic acid are also furnished. The com- 
bined action of these five vitamins is necessary to secure the biotin 
fatty liver, which completely resembles that produced by the liver 


fraction. 


SUMMARY 


Impure solutions of biotin from several sources and pure biotin, 
given to rats in conjunction with thiamine, riboflavin, pyridoxine, 
and pantothenic acid, caused fatty livers similar to those produced 
by feeding a fraction from beef liver. The fatty livers were char- 
acterized by a high content of cholesterol. The effect of biotin 
was prevented by simultaneously feeding egg white, lipocaic, or 
inositol. It is concluded that beef liver fraction owes its activity 
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to its content of biotin. Biotin had, also, an additive effect upon 


8) 
body weight, similar to that ascribed to factor W. 
rt 
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REACTIONS OF AMINO ACIDS WITH NINHYDRIN 

The method here presented depends on the fact that a-amino 
acids, when boiled in water with an excess of ninhydrin (triketo- 
hydrindene hydrate) at pH 1 to 5, evolve the CO, of their carboxyl 
groups quantitatively in a few minutes. Proline and hydroxy- 
proline yield their carboxyl CO, in the same manner as the amino 
acids with primary NH, in the @ position. The reaction ts specific 
for free amino acids in that it requires the presence, in the free, un- 
conjugated state, of both the carboxyl and the neighboring NHz or 
NH—CH, Group. Several reagents other than ninhydrin react 
in a similar manner, but of those tried, ninhydrin has given the 
most precise and specific results. 

Ruhemann (15), who discovered the reaction of amino acids 
with ninhydrin, showed qualitatively that monoaminomonocar- 
boxylic acids react with formation of ammonia, CO:, and alde- 
hvdes. 

(1 R—CH(NH,)-COOH — R-—CHO + NH; + CO, 


Ruhemann found glycine to be an exception in that it did not form 
formaldehyde. It does, however, evolve its carboxyl COs. 

If the reaction is carried out at a pH above 4, with amino acids 
of the tvpe R—CH(NH,)-COOH, a blue color is formed (15) 
owing to condensation of the liberated ammonia with ninhydrin 
and its reduction product. 

* This paper gives, with improvements, applications, and experimental 
basis, a method of which preliminary reports have been presented by two 
of the authors (24). 
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(2) CO CO 
yO f ™ 
CoH.O; + NH; a CyH,Os; = C'sH, C==N CH CH, 4 3H) 
~~ J ‘\ Pa 
Nin- Reduced CO CO 
hydrin ninhydrin Blue product 


With proline and hydroxyproline the reaction is different. As 
shown by Grassmann and von Arnim (6), COs» is evolved, but not 
ammonia, and 2 molecules of ninhydrin combine with the decar- 
boxylated residue of the proline or hydroxyproline as follows: 


(3) 2(CsH.O.) + CsHpO2N = CyeH yO, + 2H-O + CO, 


Ninhydrin Proline Red product 


Proline condenses first with 1 molecule of ninhydrin, forming a 
vellow product (6), then with a 2nd molecule forming a red. When 
much proline or hydroxyproline is present in amino acid mixtures 
subjected to the analysis described in this paper, an evanescent 
yellow color is first seen, later replaced by blue or red. Lysine, 
on the other hand, forms a black precipitate. 

The colored products indicated by Equation 2 do not form at 
pH below 2.5, but the CO, evolution occurs. The color play with 
proline and hydroxyproline occurs even at pH 1, but the yellow 
color persists longer than at pH 2.5 or 4.7, before it gives way to 
red. At pH 1 the yellow remains until the solution nears the boil- 
ing point. 

From Equations 1, 2, and 3 it would appear that at least ap- 
proximate measurements of amino acids in biological fluids could 
be made by determining the ammonia, the color, the aldehyde, 
or the COs formed by reaction with ninhydrin. 

As will be shown in another publication by one of the authors 
(M.), the ammonia can be measured, but under precautions which 
are not simple. 

The color reaction is complicated by the facts that, in mixtures 
of amino acids, the proportions of red and blue vary, and, more 
important, that ammonia and various amines other than the amino 
acids form similar colors with ninhydrin. Harding and MacLean 
first developed (7) and later condemned (8), because of its lack 
of specificity, amino acid colorimetry based on the ninhydrin re- 
action. 

Determination of the aldehyde as an analytical measure of 








Van Slyke, Dillon, MacFadyen, Hamilton 629 


free amino acids formed appeared possible, from results of R. 
Abderhalden (1), and has recently been used by Virtanen and 
Laine (29) to determine certain specific amino acids which yield 
aldehydes that can be determined. Many of the amino acids 
do not yield such aldehydes, however, and glycine, proline, and 
hydroxyproline do not form aldehydes. 

Of the reaction products formed by amino acids with ninhydrin 
the CO, appears to offer the most accurate measurement, and the 
only one which includes all of the amino acids vielded by protein 
hydrolysis. 

Measurement of the evolved CO: was introduced as an analytical 
procedure by Van Slyke and Dillon (24), in a method of which 
that published in this paper is a development. Mason (12) ap- 
plied Van Slyke and Dillon’s method to a series of amino acids 
and peptides, and confirmed its accuracy. Schlaver (17) applied 
it to use in the Warburg manometric apparatus. Christensen, 
West, and Dimick (2) have also applied Van Slyke and Dillon’s 
conditions for the ninhydrin reaction, and determined the CO, 
by titration. 

The extent to which ninhydrin evolves CO, from the different 
amino acids and other biological substances has been in part indi- 
cated in the preliminary papers of Van Slyke and Dillon (24). 
A more complete statement is given below, and is followed by the 
experimental work on which it is based. The results lead to the 
following generalizations. 

Molecular structures which provide carboxyl groups yielding COz 
quantitatively by reaction with ninhydrin under the conditions of 


the analysis are 


R—CH—COOH and R-—-CH—COOH 


NH, NH—CH:—R’ 
(1) (11) 


Of Structure I are the amino acids with primary a-N He: groups. 
Of Structure II are proline, hydroxyproline, and monomethyl- 
glycine (sarcosine). 

If the NH, group is moved away from the COOH, from the a 
(Structure I) to the 8 or y position, the reactivity of the carboxy] 
group diminishes but may not disappear. Aspartic acid evolves 
all the CO: of its B-carboxyl, but 8-alanine evolves only 0.16 mole 


=> 5 


~~ ee 
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of CO, at pH 4.7 and no CO, at pH 2.5. In glutamic acid the 
carboxyl in the y position to the NHe is almost inert at pH 4.7, 
quite inert at 2.5. 

The following types of amino acid derivatives yield no CO, under 
the conditions of the analysis. 

1. Derivatives in which a hydrogen atom of the N He is replaced 
by COR, as in peptides and acetylated or benzoylated amino acids. 

Peptides, except asparty! and glutamy! peptides with the group 

C/N H,)-COOH free,' accordingly evolve no CO, even from their 
fre. carboxyl groups. Hence the ninhydrin-CO, reaction serves 
to differentiate free amino acids from peptides more sharply than 
is possible by methods such as the S@rensen formol titration (19), 
Van Slyke’s nitrous acid method (21), or Willstitter’s (30) alcohol 
titration, which measure the N He groups of both free amino acids 
and peptides. Similarly the only previously available method 
for amino acid carboxyl groups, Zirm and Benedict’s (31) modifica- 
tion of Linderstrom-Lang’s (11) “‘acetone titration,’’ measures 
the carboxyls of both amino acids and peptides. 

2. Derivatives which have no hydrogen atom on the amino nitrogen. 
Monomethylglycine gives off a mole of CO», whereas dimethyl- 
glycine (with both methyl groups on the N) is inert. 

3. Derivatives in which the free carboxyl group is replaced by an 
ester or acid amide group. Thus both glycine ester and glycine 
amide are inert. 

4. Amines, amides, ammonia, and glucosamine evolve no CQ, 
when boiled with ninhydrin. Urea, by itself, gives off CO, slowly 
(0.01 mole in 5 minutes) when heated at 100° with water at pH 
2.5 to 4.7, but in the presence of an excess of ninhydrin even this 
slow evolution of CO, is retarded, apparently by formation of a 
relatively stable compound of urea with ninhydrin. Consequently, 
urea in the amounts present in blood need not be removed before 
amino acids are determined by the ninhydrin-CO, method. In 
urine the urea-amino acid ratio is so high that it is preferable to 
remove the urea. 

Simple organic acids such as acetic, and hydrory acids such as 
lactic and citric evolve no COs. 

' Glutathione is such a peptide, since the —CH(NH,)-COOH group of 


the glutamyl] radical is free. Such peptides do not appear to occur in 
important amounts in a protein digest (see Fig. 6). 
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Keto acids, such as pyruvic and acetoacetic, decompose with 
loss of CO. when boiled with water; they can be completely de- 
composed, however, by preliminary boiling so as not to interfere 
with measurement of amino acid carboxyl COs. 

Ascorbic acid evolves about 0.1 mole of CO, in the time required 
for complete reaction by the amino acids. The amounts of ascorbic 
acid present in body fluids and excretions are too slight, however, 
to affect amino acid determinations significantly. 


Other Reagents for Evolution of Carboryl CO. from Amino Acids 


The ability to evolve the carboxyl CO, from amino acids is not 
peculiar to ninhydrin. — Isatin, in structure similar to ninhydrin, 


CO 
POM 
| CO 
\ p ae 


w 
was shown by Grassmann and von Arnim (6) to react similarly 
with amino acids in glacial acetic acid solution, evolving CO, 
and forming colored products. We have found that amino acids 
boiled with isatin in glacial acetic acid give theoretical yields of 
CO.; but the reaction is slower, and isatin as a reagent has no ad- 
vantage over ninhydrin except lower cost. Isatin is too insoluble 
in water to apply in aqueous solutions. 

Recently Schiller (16) has suggested sodium £-naphthoquinone 
sulfonate, used in the colorimetric method of Folin (5), as an eco- 
nomical substitute for ninhydrin in our preliminary method (24). 
We have confirmed Schiller in the fact that the naphthoquinone 
evolves CO, from amino acids; but we find that the quinone itself 
also decomposes in hot aqueous solution to yield CO,. This 
spontaneous decomposition of the reagent causes so high and 
variable a blank that the error of the amino acid determination is 
much greater than by the ninhydrin method. 

Chloramine-T (the sodium salt of p-toluenesulfonchloramide, 
CH;-CsH,-SO..-NH-Cl) was shown by Dakin (4) to cause at 
20-50° evolution of COs, 1 mole from some of the monocarboxylic 
acids, 2 moles from aspartic acid. In quantitative studies of the 
reaction with the Barcroft-Warburg apparatus by Cohen (3) and 
by Krebs (quoted by Cohen) it was found that most of the mono- 
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amino acids yielded from 1.01 to 1.15 moles of CO, at pH 4.7, 
while arginine, glycine, and lysine vielded over 1.2 moles, and 
aspartic acid yielded 2 moles. It is evident from the data of 
Krebs and Cohen that the results with several of the amino acids 
are not even approximately quantitative. This conclusion we 
have confirmed, but we have found nevertheless that with the 
Van Slvke-Neill manometric apparatus and properly chosen pH 
one can obtain theoretical results with some of the amino acids, 
and within 2 per cent of theoretical with most of them, exceptions 
being cystine, tyrosine, glycine, and tryptophane, with which the 
errors are greater. With peptides, chloramine-T is not quite as 
inert as ninhydrin, vielding 0.01 to 0.05 mole of CO, per mole of 
peptide. For analyses of certain mixtures of amino acids chlor- 
amine-T can be used as a substitute for ninhydrin, and has the 
advantage of low cost and low reacting temperature. For general 
analyses of amino acid mixtures and biological fluids, however, it 
does not give results as exact as ninhydrin. 


APPARATUS 


Van Slyke-Neill manometric apparatus (14, 26). 

A storage vessel for COe-free 0.5 N sodium hydroxide. The tube 
with soda lime protection, shown in Fig. 3, D of the paper by Van 
Slyke and Folch (25). 

Alundum pieces for smooth boiling (p. 511, Van Slyke and Folch 
(25)). 

Reaction vessels. For the reaction with ninhydrin a vessel of 
15 to 25 cc. capacity is needed, capable of holding a vacuum and of 
being heated in boiling water. It is also essential that there should 
be but little rubber surface exposed to the gases in the chamber, 
as CO. diffuses both into and out of rubber.? Three reaction vessels 
that have proved convenient and have given accurate results are 


2 Black rubber stoppers bearing glass outlet tubes of 6 mm. diameter 
were tried in place of the adapters shown in Fig. 1, A, but the stoppers, with 
their larger exposure of rubber surface, absorbed appreciable amounts of 
CO, when the reaction vessels were permitted to stand closed for some time 
after removal from the bath. The results obtained in a typical series of 
analyses, in which vessels with rubber stoppers were used, serve as an 
example. Known amounts of alanine were boiled in several reaction vessels 
with stoppers at one time and then cooled and analyzed for CO, at varying 
intervals thereafter. Immediate analysis gave 99.7 per cent of theoretical; 
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shown in Fig. 1. The vessel in Fig. 1, A is the type we have used 
most.? It consists of two parts, a test-tube of 21 mm. diameter 
in its wider part, narrowed to 16 mm. at the top, and an adapter 
which serves to close the tube with minimal exposure of rubber 
surface. The tube and adapter are both of Pyrex glass, 1 to 1.5 


mm. thick. 

The adapter bears two rubber connecting tubes which remain 
routinely attached to it, forming one permanent piece. Both rub- 
ber tubes have walls 3/16 inch thick. The upper piece is of } 
inch bore and the lower of 4 inch bore. It is essential that the 
rubber in both be ‘‘of minimal sulfur content.”* Ordinary rubber 
gives high blank values, perhaps because of evolution of traces 
of hydrogen sulfide. Before the rubber connections are used, 
they are scrubbed out with a test-tube brush, digested on a steam 
bath for half an hour with 2 nN sodium hydroxide, then boiled for 
a few minutes in dilute hydrochloric acid, and rinsed with water. 
When the proper rubber is used and cleaned in this manner, it 
does not affect the accuracy of analyses even when precision is of 
the order of 2 parts per 1000. 
analysis after 25 minutes, 98.5 per cent; analysis after 50 minutes, 97.4 
percent. Peculiarly enough, the absorption of CO, was but slight during 
the 6 minutes of heatingin the bath. When stoppers that had absorbed CO, 
were used later in blank analyses, they gave slightly high values, owing 
apparently to diffusion out into the vessels of CO, that the stoppers had 
previously absorbed. Reaction vessels arranged with adapters, as shown in 
Fig. 1, A and B, instead of stoppers showed no evidence of loss of CO, when 
permitted to stand for 2 hours between completion of the reaction and 
determination of the COx.. 

‘The tube and adapter (Fig. 1, A) are carried in stock by the Corning 
Glass Works (No. 9535, Catalogue LP21, 1941), and can be obtained also 
from makers of accessories of the Van Slyke-Neill manometric apparatus. 
The all-glass reaction vessel, Fig. 1,C,is made by the Hopf Glass Apparatus 
Company, 192 Third Avenue, New York. 

4 We have used the black rubber tubing listed as of ‘‘minimal sulfur con- 
tent,’’ No. 30691 of Eimer and Amend’s 1936 catalogue. After use for about 
3 months the repeated steamings cause enough loss of elasticity to permit 
slow leakage of air into the evacuated vessel, and fresh rubber tubing must 
be installed on the adapters. The rubber ultimately deteriorates even 
without use, merely by standing in laboratory air. The first signs of dete- 
rioration are the occurrence of carboryl results 1 or 2 per cent too low, and the 
failure of duplicates to check as exactly as usual. When these occur, renew 
the rubber connections. 
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Vessel B (Fig. 1) is identical with A, except that a 25 cc. Pyrex 
Erlenmeyer flask is substituted for the special reaction tube. A 
stock flask with a neck of 15 to 17 mm. outer diameter and but a 
slight flange will serve. If the flange is too wide, it can be ground 
off or softened in a blast flame and pushed in. Vessel B lacks the 


30-11 mm. out- 





side diameter 
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Fic. 1. Reaction vessels of Pyrex glass 


convenience of fitting into a test-tube rack, but it can be prepared 
in any laboratory, and a wire basket can be used in place of the 
rack to boil a number together. 

Vessel C provides an all-glass container. To hold a tight vacuum 
in the boiling water bath and for the varying periods that are 
likely to intervene afterwards before the CO, is determined, the 
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usual stock uniform ground joints do not suffice. The joint and 
the glass cock of each tube must be especially ground, as in vacuum 
desiccators, to hold a complete vacuum. The three glass parts 
are all of Pyrex, in order to insure uniform expansion when heated. 
Both the cock and the glass joint are lubricated with glycerol 
each time the vessel is used. 

When the carboxyl method is used as a routine analytical pro- 
cedure, the most convenient reaction vessel will be A, with B as 
an alternative. When only an occasional determination is to be 
done, the all-glass vessel C is desirable, because its only rubber 
part does not come into contact with the gases during the reaction, 
and if the rubber deteriorates somewhat it is not so important. 
For routine analyses A is preferable, because it is cheaper, has no 
joints requiring lubrication, and the adapters fit interchangeably 
on all the tubes. With regard to accuracy, A and B, when the 
rubber connections are as directed, are quite equal to the all- 
glass C. 

If, as may rarely occur, it is desirable to analyze amino acid 
solutions of more than 5 ce. volume, a 50 cc. Erlenmeyer arranged 
as in Fig. 1, B is preferable to the usual 20 to 25 ec. reaction 
vessel. 

Heavy metal clamps. The clamps shown in Fig. 1, A and B 
serve both to close the vessels and to sink them below the water 
during boiling. They should therefore weigh over 20 gm. One 
may use heavy screw clamps, as shown in the figure, but more 
convenient are “heavy duty, castalloy” cylindrical pinch clamps.* 

Calibrated glass spoons for measuring ninhydrin and citrate 
buffer. These may be made as shown in Fig. 4 of Van Slyke and 
Folch (25). It is convenient to prepare four such spoons, to hold 
50 and 100 mg. of ninhydrin, and 50 and 100 mg. of buffer. The 
50 mg. spoons are made of tubing of 3.5 to 4 mm. bore, and the 100 


§ The ground joint is lubricated, after the ninhydrin is placed in the ves- 
sel, by drawing a ring of glycerol about the ground inner surface of the reac- 
tion tube, before the stopper is inserted. When the vessel is removed 
from the boiling water bath at the end of the reaction, another ring of 
glycerol is drawn about the rim of the joint; this glycerol seeps into the 
joint, where it replaces lubricant lost during the boiling, and prevents 
leakage of air into the vessel while the latter awaits the CO, determination. 

* The clamps under this name are obtainable from the Fisher Scientific 
Company of Pittsburgh. 
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mg. spoons of tubing of about 5 mm. bore. The amounts of nin- 
hydrin must be measurable within +10 per cent accuracy, for 
the boiling periods of the reaction depend on the ninhydrin con- 
centration. 

Water bath for heating reaction vessels. To insure complete 
reaction of the amino acids with ninhydrin in the time allowed, it 
is essential that the reacting solution be raised to 99-100° within 
2 minutes after immersion in the bath. The volume of boiling 
water in the bath must be so great that when the cold reaction 
vessels are immersed in it the temperature of the bath does not 
fall below 98°, and the flame under the bath must be large enough 
to start the boiling again in a few seconds. 

The most convenient form of bath for multiple analyses is a 
cylindrical pot of non-rusting sheet metal about 8 inches in diam- 
eter and 8 or 10 inches deep, provided with a thermometer, a 
loose fitting cover, and an inflow-outflow attachment to keep the 
boiling water at constant level.’ Sheet metal is preferable to 
enameled ware because the metal bath heats much more rapidly, 

If only one to three reaction vessels are to be boiled at a time, 
one may use a 2 liter Pyrex beaker as bath. 

Rack for reaction vessels. For multiple analyses it is convenient 
to have metal racks capable of holding several reaction vessels 
in the bath.* 


REAGENTS 
Ninhydrin. The ninhydrin may be prepared from ethyl phthal- 
ate as described by Teeters and Shriner (20). We have used prepa- 
rations made by the Eastman Kodak Company. Each lot is 
ground to a fine powder and stored in dark glass. 
Citrate buffers. For the ninhydrin reaction in aqueous medium 
two citrate buffers are used. One, for pH 4.7, consists of a mixture 


7 The water level regulator attachments are listed as No. 17340 in Eimer 
and Amend’s catalogue, and as No. 9876 in the catalogue of the Arthur H. 
Phomas Company (1931 

’ Cylindrical test-tube racks of non-rusting metal, 6 inches in diameter, 
capable of carrying test-tubes of 22 mm. ({ inch) diameter, are listed as No 
32003 in Eimer and Amend’s catalogue (1936) and No. 9487 in the catalogue 
of the Arthur H. Thomas Company (1931). These racks fit the tubular 
reaction vessels (Fig. 1, A and ©). If Erlenmeyer flasks are used (Fig. 
1, B) as reaction vessels, a wire basket divided into sections with two sets of 


cross wires serves a8 4 rack. 
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of 17.65 gm. of trisodium citrate, NasCsH;O;-2H,O, and 8.40 
gm. of citric acid, CsHsO;-H,O. The other, for pH 2.5, consists 
of 2.06 gm. of trisodium citrate and 19.15 gm. of citric acid. In 
preparing the buffers the trisodium citrate and citric acid are both 
finely ground, separately, in an agate mortar and are then mixed 
incorrect proportions. After mixing, they cake appreciably, but the 
cake is easily broken up by two subsequent grindings in the mortar. 
Thereafter, they remain powdered. Both buffers are used in 
the solid form. They should be free of CO, when tested in blank 
analyses. 

6 « H3PO,. Syrupy phosphoric acid of 1.72 specific gravity is 
mixed with 1.5 volumes of water to make approximately 6.0 m 
H;PO,;. The solution is tested by diluting a portion 100-fold and 
titrating aliquots with 0.1 alkali to the full red color of phenol- 
phthalein. The 100-fold dilute phosphoric acid should titrate 
as 0.12 x. To the approximately 6 m stock solution syrupy phos- 
phoric acid or water in proportions calculated from the titration 
is added to bring the concentration to 6.0 + 0.1 mM. This solution 
is used when the ninhydrin reaction is run at pH approximately 
1; 0.2 cc. of the 6.0 Mm H;PO, added to 1 ce. of water, forming 1 
uw H;PO, with pH slightly under 1, when no amino acid is present. 
The amino acid in the sample raises the pH slightly; for the purposes 
of the analyses it is sufficiently constant and near to 1. 

Approximately 0.5 N NaOH of minimal CO, content. Solid 
NaOH is dissolved in an equal weight of water and the solution is 
let stand until the carbonate settles. The concentrated solution 
is standardized by pipetting 7 ec. from a graduated pipette into 
water in a 250 cc. flask, diluting to volume, and titrating against 
standard acid. From the result one estimates how much more or 
less than 7 cc. of the concentrated alkali is required to make 0.5 
~ when diluted to 250 cc. To prepare the reagent one fills a 250 
ee. flask within about 10 ce. of the mark with distilled water, in 
order to displace the air and its CO. The estimated volume of 
concentrated NaOH solution is run into the water from a gradu- 
ated pipette dipping beneath the surface. A few drops of 1 per 
cent alizarin sulfonate indicator solution are added, and the flask 
is filled to the mark, closed, and shaken. The solution is drawn 
directly from the flask to a storage vessel (Fig. 3, D of Van Slyke 
and Folch (25)) which provides protection from atmospheric COx. 
The CO, content of a solution thus prepared is such that 2 ce. of 
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the solution yield enough CO, to exert about 6 mm. of pressure at 
2 ee. in blank analyses, indicating a CO, concentration of about 
0.0003 M. 

Approximately 5 n NaOH. This is prepared from the concen- 
trated 1:1 NaOH solution by diluting 1 volume with 3 volumes 
of water. 

Approximately 2 Nn lactic acid. 2 volumes of concentrated lactic 
acid (sp. gr. 1.20) are diluted with water to 10 volumes. 


PROCEDURE FOR SUBMICRO- AND MICROANALYSES 
Size of Samples for Submicro-, Micro-, and Macroanalyses— 
Table I shows the range of samples for each tvpe of analysis, and 


TABLE [| 


Range of Submicro-, Micro-, and Macroanalyses 





Volume at which Range of sample to give P¢o, of 100-500 mm. 


Type of analysis Po, is measured --— —_____ 
Carboxyl carbon | Carboxyl nitrogen* 
ce. mq. mg. 

Submicro 0.5 0.035-0.18 0.04-0.21 
Micro 2.0 0.14 -0.7 0.2 -0.8 
Macro 10.0 0.7 -3.5 0.8 -4.1 


* Since, in calculations involving amino acids, nitrogen values are more 
often used than carbon, the term ‘‘carboryl nitrogen,’’ or “COOH-N”’ will 
be employed to indicate a-nitrogen values estimated as 1 atom of nitrogen 
per molecule of carboxy! CO, evolved in the ninhydrin-CO, analysis. This 
estimation is valid for all the amino acids except aspartic. ‘‘Carboxyl 
nitrogen’’ is calculated as carboxyl carbon X 14/12. 


serves to define ‘‘submicro,”’ “micro,” and “macro,’’ as the terms 
are applied in the following pages. 

For analyses of blood and urine, where minimal amounts of 
amino acid are determined, the submicroanalysis is used. 

For most other work the microanalysis will be used. It is, for 
example, the one that fits samples of 4 to 6 mg. of amino acid 
weighed on the micro balance, and suffices to keep the mean error 
within +2 parts per 1000. Both the above analyses are performed 
with the apparatus shown in Fig. 3, marked for measurement of 
gas pressures at 2 and 0.5 cc. volume. 

The macroanalysis requires a chamber of the type used for com- 
bustions (25, 27), calibrated for measurements with the gas at 
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10 cc. volume. It will hardly be required unless one desires to use 
samples weighed on a macro balance. 

Preparation of Samples for Analysis—If a dry amino acid is 
analyzed, the sample, usually 4 to 8 mg. for a “‘micro”’ analysis, 
is weighed in the counterbalanced aluminum scoop® shown in 
Fig. 5 of Van Slyke and Folch (25), is placed in one of the reaction 
vessels shown in Fig. 1, and is dissolved in a measured volume of 
water, 1 to 5 ec. (2 cc. are usually convenient). 

If the amino acids are already in solution, a sample of 1 to 5 
ec. is placed in one of the reaction vessels of Fig. 1. 

Adjustment of pH!—By reference to Table IV and the discussion 
on p. 654 under “Choice of pH...” one can decide whether pH 
1, 2.5, or 4.7 is preferable for the material to be analyzed. For 
general analyses of biological material pH 2.5 will generally be 
used. If no significant amounts of free acid or alkali or buffers 
other than the amino acids themselves are present, the sample is 
brought to the desired pH by the following additions: For pH 
2.5 or 4.7, 50 mg. of citrate buffer when the sample volume is 1 or 
2 ce., 100 mg. when the volume is 3 to5cec. For pH 1, 6m H;PO, 
is added in the proportion of 0.2 cc. for each ec. of sample. 

If significant amounts of buffer or of free acid or alkali are present 
in the solution to be analyzed, a drop of 0.1 per cent brom-phenol 
blue or other indicator changing color at pH 3 to 4 is added, and 
the solution is brought just to the acid side of the indicator. Ci- 
trate buffer or phosphoric acid is then added. As a rule this pre- 
liminary adjustment is not needed. 

Removal of Preformed CO.—A few pieces of alundum are added 
to prevent bumping, and a drop of caprylic alcohol to prevent foam 
if protein or other foam-producing material is present. The reac- 
tion vessel is then boiled over a small flame vigorously for 20 
to 30 seconds. If there is reason to suspect the presence of a-keto 
acids or other unstable organic compounds capable of evolving 
CO, merely by heating to 100°, either the boiling, or heating in a 


® In the original description of the use of the scoop (25) directions were 
given to let the scoop rest in the balance case for 3 minutes after the sample 
has been dumped out of it, to allow the scoop to return to balance tempera- 
ture before it was weighed. It has since been found that this 3 minute wait 
is usually unnecessary if the reaction vessel into which the sample is dumped 
is held in a test-tube holder instead of in the hand. 
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water bath, is continued as long as may be necessary to complete 
the evolution of such COs. 

If a submicroanalysis is done, or a microanalysis with more than 
2 cc. of solution in the reaction vessel, the vessel is tightly stoppered 
as soon as the preformed CO, is boiled off, and is kept stoppered 
until the ninhydrin is added. 


This precaution is to prevent saturation of the solution with atmospheric 
CO, as the solution cools. The extent to which the saturation could increase 
the apparent carboxyl CO, is proportional to the volume of the solution. 
The maximum volume of CO, absorbed by 5 cc. of solution saturated with 
atmospheric air of normal (0.03 per cent) CO, content is about 1.5 ¢.mm., 
which would increase the manometric Pco, by about 2.5 mm., measured with 
the gas volume at 0.5 cc. Laboratory air in winter might at times triple 
this. In macroanalyses, or in microanalyses with 2 ec. or less of solution, 
the error from reabsorbed atmospheric CO, would not be significant, and 
it is not necessary to stopper the reaction vessels after boiling off 


preformed CO, 


Chilling the Solution— After the preformed CO, has been removed, 
the solution is cooled to below 20° if the solution is at pH 4.7. 
Below 25° suffices if the pH is 2.5 0r1. The precaution of chilling 
before adding the ninhydrin is necessary to prevent the reaction 
between ninhydrin and CO, from evolving significant amounts 
of CO, to be lost when the air is evacuated in the next step of the 
analysis. If the solution is cooled as directed, and the evacuation 
and closing of the vessel are completed within 60 seconds after 
the ninhydrin is added, no significant amount of CO, is lost. If 
the solution is cooled below 10° (3 minutes in ice water) before 
ninhydrin is added, one may take several minutes for evacuation 
without loss of COs. 


The rates of CO, formation from alanine in solutions containing 50 mg. 
of ninhydrin per ec. were determined over periods up to 30 minutes, and 
found to be as follows, in terms of percentages of total theoretical CO, 
formed per minute: 

At pH 2.5, 0.08% at 20°, 0.06% at 30° 
* 4.7,038% ‘*20°,06% ‘* 30° 


It is notable that at room temperature the reaction is 10 times as fast at pH 
4.7 as at 2.5. (At 100° pH change over this range has a relatively small 
effect (see Fig. 2).) 

The margin of safety for evacuating and closing the reaction vessel 
during the Ist minute is somewhat greater than is indicated by the above 
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velocity figures, because the ninhydrin dissolves rather slowly at room 
temperature. In the first 2 minutes after addition of the ninhydrin, even 
when the mixture was shaken to accelerate dissolving, the rates of CO, 
evolution noted were less than half the mean rates recorded above for the 
30 minute period. ’ 


Addition of Ninhydrin and Evacuation of Vessel—The detached 
adapter (Fig. 1, A or B) or glass stopper (Fig. 1, C) is made ready, 
so that no time will be lost in closing and evacuating the reaction 
vessel after the ninhydrin is added. The wide rubber tube of the 
adapter is dipped into water to lubricate it for slipping over the 
neck of the vessel, and the narrow rubber tube, with clamp in 
place but not closed, is connected to a good suction pump provided 
with a manometer. If the glass-stoppered vessel (Fig. 1, C) is 
used, the stopper is connected with the pump.® 

To the chilled solution in the reaction vessel one then adds the 
ninhydrin, measured within +10 per cent from one of the glass 
spoons described under “Apparatus.”” The amount of ninhydrin 
added is usually 50 mg. if the volume of solution is 1 or 2 ec., 100 
mg. if the volume is 3 to 5 ce. 

As soon as the ninhydrin is added, the adapter or glass stopper 
is fitted to the reaction vessel, and the latter is evacuated and closed 
with the clamp as quickly as possible. With a good water pump 
connected directly without an intervening “safety” flask, evacua- 
tion to 20 or 30 mm. pressure requires only 10 seconds. 

If a pump is not available, the reaction vessel can be evacuated 
by attaching it to the capillary outlet of the mercury-filled Van 
Slyke-Neill 50 cc. chamber, and thrice lowering the mercury to 
the bottom of the chamber and ejecting the gases that are drawn 
over from the vessel. As this takes more time than evacuation 
with a good pump, it is well to have the solution in the vessel cooled 
helow 15° to prevent loss of traces of carboxyl COs. 

When several analyses are to be done, it is convenient first to 
charge and evacuate all the reaction vessels so that they can be 
subsequently boiled together. Each vessel must, however, be 
evacuated by itself immediately after the ninhydrin has been 
added. 

The preliminary evacuation, which has been introduced since the original 


notes on the method (24) were published; serves three purposes. 
1. Removal of atmospheric CO, as a source of error. If the laboratory air 
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were pure atmosphere with a constant 0.03 per cent of CO:, the CO, in the 
approximately 25 ec. contained in the reaction vessel would add about 3 
mm. to the blanks when pressures are read with the gas at 2 cc. volume, and 
12 mm. when read at 0.5 ce. volume. In practice the air in New York, 
especially in winter, is likely to contain 2 or 3 times this amount of CO, 
and, more important, the CO, content may vary from hour to hour. By 
removing the air, variation in the atmospheric CO, as a source of error is 
eliminated. For the submicroanalyses in which pressures are read with the 
gas at 0.5 cc. volume, this elimination is a necessity for results accurate 
within 1 per cent. 

2. Removal of inert gases to accelerate CO, absorption. After the reaction 
with ninhydrin has been completed, the transfer of CO, from the reaction 
vessel to the alkali solution in the manometric chamber is quicker in the 
absence of the inert gases of the air. If the original air content of the 
vessel were present in the system during the transfer, the air molecules 
would so retard the contacts of CO, with the alkali in the chamber that 3 
times as many passages of the gas back and forth would be necessary to get 
all the CO, absorbed. 

3. Prevention of positive pressure. The evacuated tube can be closed and 
heated in a water bath without developing enough positive pressure to cause 
danger of losing CO,. In consequence a number of tubes can be heated 
together, and their CO, contents determined in rapid sequence later. 


Heating with Ninhydrin—The reaction vessels are placed in a 
rack, and are completely immersed in an upright position in a 
bath of actively boiling water. Immersion in the boiling water is 
continued for a period which depends on the ninhydrin concen- 
tration and pH of the solution, as shown in Fig. 2.'° After the 
first minute of heating the vessels are shaken a little, without 
removal from the bath, to insure distribution of the dissolved 
ninhydrin. The vessels must be immersed as far as tie clamps. 

It is desirable, particularly when determining amino acids in 
complex biological mixtures, to limit the boiling time accurately 
to the specified number of minutes. Lysine, cystine, and glutamic 
acid give more than the theoretical yield of CO, if the boiling with 
ninhydrin is unduly prolonged, and peptides and proteins are 


10 During the heating of an amino acid at 100° with the excess of 
ninhydrin used, the reaction follows approximately a linear curve, when the 
log of unevolved CO, is plotted against minutes of heating. The points on 
the curves of Fig. 2 were obtained with alanine by plotting such logarithmic 
curves until they indicated evolution of 99.9 per cent of the theoretical CO». 
In so far as the amino acids differ, alanine is one of the more slowly reacting 
ones, and the periods indicated are adequate for all. 
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very slowly hydrolyzed. Error due to these causes is minimal if 
the heating is limited to the specified durations. 

Absorption of CO, by Alkali in Van Slyke-Neill Chamber—The 
chamber is prepared by measuring into it 2 cc. of the 0.5 N sodium 
hydroxide solution, as described on p. 521 of the paper by Van 
Slyke and Folch (25). (The alkali used contains no hydrazine 
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Fic. 2. Boiling periods required to complete the formation of CO, in 
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solutions of pH 2.5 and 4.7 and varying ninhydrin concentrations. 


in the present analysis.) The reaction vessel is brought to 38- 
40°," and is then attached to the manometric chamber, as shown 


1! A 2 liter beaker of water with a micro burner several inches below can 
easily be kept at this temperature, and serves as a convenient bath for 
warming the tubes. When CO, determinations are run off on a series of 
reaction vessels which have been boiled together, one vessel at a time is 
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in Fig. 3. The mercury in the chamber is lowered to the middle 
of the chamber (Fig. 3 shows the relations at this moment), and 























Fic. 3. Manometric chamber with reaction vessel attached, but not yet 
connected with interior of chamber. 


chamber and flask are connected by removing the clamp and 
turning the stop-cock at the top of the chamber. The connecting 


placed in the 38-40° bath, and each is allowed to warm for about 10 minutes 
while the CO, is determined in its predecessor. 
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rubber tube is inspected to make sure that it opened when the 
clamp was removed. The glass cock at the top of the chamber is 
also inspected to make sure that it is completely open, so that gas 
flow through it will be free and unhindered. 

The COs is now transferred from the warm reaction vessel to 
the alkali in the chamber by raising and lowering the mercury in 
the chamber, making each round trip in about 10 seconds. During 
each lowering the reaction vessel is shaken by hand, so that the solu- 
tion in it whirls about the wall. The number of excursions of the 
mercury required to obtain complete absorption of the CO, depends 
somewhat on the volume of the solution. With 1 cc. of solution 
six excursions suffice; with 2 ec., seven; with 3 ec., eight; with 
4 ec., nine; with 5 ec., ten. 

The solution in the reaction vessel must be warmed to 38-40° at 
the beginning of the extraction and must be shaken each time the 
mercury is lowered, or the transfer of CO: will not be complete with 
the above number of excursions. If the extraction starts with 
the solution at 20° instead of 38°, 3 times as many excursions are 
required. Also, even if the solution is warmed to 38°, but is not 
shaken during the excursions, about 3 times as many are required. 
It is not desirable to start the extraction with the solution warmer 
than 40°, or an appreciable volume of water may distil over from 
the reaction vessel into the chamber, and cause a slightly low result 
by making the S volume greater than the 3 ec. for which the factors 
are calculated. 


The labor of raising and lowering the mercury can be avoided by the use 
of a suction pump, as described on p. 524 and in Fig. 4 of Van Slyke and 
Foleh (25). Because of the high vacuum in the manometric chamber in the 
present analyses, however, it is desirable to replace the 2 mm. opening in 
Fig. 4, B of Van Slyke and Folch by a capillary of 1 mm. bore and 3 to 5 
em.inlength. This serves as a brake to the inrushing air when the suction 
on the leveling bulb is released, and prevents the mercury in the mano- 
metric chamber from rising too fast to control. Also, to augment the brak- 
ing action, it is well to station the mercury leveling bulb 8 or 10 inches below 
the 50 ce. mark on the chamber. The most convenient means of closing 
and opening the capillary aperture of the device is a flap of chamois skin, 
alternately laid on and removed from the opening. If many series of 
analyses are done, this simple suction pump device will be found highly 


desirable, 


After the last upward excursion the mercury is lowered to the 
middle of the chamber, and both the cock at the top and the cock 
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leading to the leveling bulb are closed. The reaction vessel is 
then removed, and the capillary by which it has been attached is 
sealed with mercury, as shown in Figure 3, A of Van Slyke and 
Folch (25). 

Determination of COz in the Manometric Apparatus—From this 
point the technique is that described for the same phases of the 
carbon determination by Van Slyke and Folch (25) under the 
headings, “Ejection of unabsorbed gases,’’ “Extraction of CO, 
and reading of pi,” “Reabsorption of CO, and reading of ps,” 
and “Washing chamber after analysis’ (see pp. 524-527 of their 
paper (25)). 

The manometer readings are made with the gas volume at 0.5 
or 2.0 cc., according to the amount of amino acid carboxyl, as 
indicated in Table I. 


Blank Analysis for ec Correction 

The ¢ correction, due chiefly to carbonate in the 0.56 N NaOH, 
is the value of py — pe found in a blank analysis, with the reagents 
present, but no amino acid. The correction must be redetermined 
whenever fresh 0.5 N NaOH is prepared. The ninhydrin may be 
omitted from the blank analysis, since in no case has it been found 
to contribute to the ¢ correction. Omission of the ninhydrin 
from the blanks results in an appreciable saving of this expensive 
reagent. However, before one relies on blanks in which ninhydrin 
is omitted, its lack of effect should be confirmed with the particular 
reagents used. The value of c, with properly prepared 0.5 N 
NaOH, is usually 6 or 7 mm., measured at 2 cc. volume, or 25 to 
30 mm. at 0.5 ec. volume, and is constant for a given set of reagents. 


PROCEDURE FOR MACROANALYSES 


For samples with 1.8 to 4.0 mg. of carboxyl nitrogen, the pro- 
cedure is identical with that for smaller samples, except in the 
following details. 

The minimum volume of solution used is 2 instead of | ce. 

The amounts of ninhydrin and citrate buffer are increased to 
150 mg. of ninhydrin and 200 mg. of citrate. 

The CO, pressure is measured with the gas at 10 ce. volume. 

A drop of caprylic alcohol is routinely added to the reaction 
vessel, because so much precipitate is likely to form in it that 
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foaming will occur during the transfer of CO, from the vessel to 
the manometric chamber. 


ALTERNATE PROCEDURE WITH USE OF CARBON COMBUSTION 
APPARATUS FOR NINHYDRIN-COg METHOD 


This is the original technique of Van Slyke and Dillon (24). 
One can do only about half as many determinations per hour as 
with the procedure described in the preceding pages; and as the 
atmospheric air in the reaction vessel is not removed, the results 
are less precise, because affected by variations in atmospheric 
CO,. However, if the carbon apparatus is at hand, and only an 
occasional isolated ninhydrin-COy, analysis is required, with micro 
or macro (not submicro (see Table 1)) amounts, it may be con- 
venient to employ this procedure. 

The apparatus is that used by Van Slyke and Folch ((25) Fig. 
1), except that the small cylinder marked F in the above figure 
is not needed, although it does no harm if present. No water 
bath is required. The combustion tube is used as reaction vessel. 

The reagents are as described in this paper for the routine 
ninydrin method. 

In the analysis not more than 2 cc. of amino acid solution is 
placed in the combustion tube. The amount of ninhydrin used is 
50 mg. for 1 ce. of solution, 100 mg. for 2ee. The first steps of the 
procedure are the same as are described in the preceding pages of 
this paper through the stage marked “Chilling the solution.” 

From this point the procedure is as follows: 

2 cc. of 0.5 N NaOH are measured into the manometric chamber, 
as in the combustion method. The ninhydrin is measured into 
the combustion tube. The ground joint of the combustion tube 
is lubricated with a ring of glycerol, and the apparatus is assembled 
as shown in Fig. 2 of Van Slyke and Folch (25), but with cock a 
open. The solution in the tube is heated to boiling and is boiled 
gently for 3 minutes when the pH is 4.7, 4 minutes when it is 2.5, 
6 minutes when it is 1. During the boiling the leveling bulb is 
set at such a level that the mercury surface in it is 10 or 20 mm. 
below the mercury surface in the chamber, so that the boiling is 
at almost atmospheric pressure. Boiling must be so gentle that 
the upper half of the glass connecting tube remains cool. 

At the end of the boiling period the micro burner is lowered 
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several cm. below the bottom of the reaction tube, and the gas is 
passed back and forth between the tube and the chamber six times, 
At each lowering of the mercury in the chamber the solution boils 
vigorously, but the heat should be so gentle that no liquid passes 
over into the chamber. 

After six passages the burner is removed from below the tube, 
the leveling bulb is held at such a level that about 15 cc. of gas are 
in the chamber, and the cock between the chamber and the reaction 
tube is closed. The 15 cc. of gas thus trapped in the chamber are 
freed of CO, by raising and lowering the mercury six times. The 
unabsorbed gas in the chamber is then ejected. 

To transfer the last portions of CO, to the alkali in the chamber, 
the mercury in the latter is lowered to the middle of the chamber 
and the chamber is reconnected with the reaction vessel. The 
latter is gently heated again, and the remaining CQ, is absorbed 
by six more passages of the gas. 

The reaction tube is then disconnected from the chamber, and 
the CO, absorbed in the alkali is determined as described on pp. 
525-527 of Van Slvke and Folch (25). 


Calculations 
The pressure, Peo, of CO. from amino acid carboxy! groups, 
is calculated as 
Poco: = pi — Pz — € 
The correction ¢ is the value of py — pe obtained in the blank 


analysis. 
The carboxyl carbon or carboxy! nitrogen is calculated as 


Mg. carboxyl carbon or nitrogen = Poo, X factor 
The values of the factors are given in Table IT. 


The carbon factors are computed by Equation 1 of Van Slyke and Foleh 
(25), based on Van Slyke and Sendroy (28), with the following values 


for the constants. 


a 1 Ss 
Macroanalysis 10 1.007 3 
Microanalysis 2 1.017 3 
0.5 1.037 3 


Submicroanalysis 


A in all three analyses is 50; the a’ of the acid lactate solution was deter- 
mined by the method of Van Slyke (23) and found to be 0.891 times the a’ 
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TABLE II 


Factors by Which Pco, is Multiplied to Obtain Mg. of Carboryl Carbon or 
Carboryl Nitrogen 




















Carboxyl carbon Carboxy] nitrogen* 

Temper- _ = —_ - - / a 

ature =| ta = 10 a=2 | a@=05 a=10 | a=2 | a=05 
i = 1.007 #=1.017 | «t= 1.037 i= 1.007 i= 1.017 i = 1.037 

. | 
15 |: 0.007168 0.001447 | 0.0003688| 0.008361 | 0.001688 | 0.0004303 
16 133 39 | 69 320 79 | 0.0004280 
17 097 32 50 278 71 58 
18 061 25 32 237 62 37 
19 026 | 18 14 196 54 16 
20 0.006991 | 11 | 0.003596 156 46 | 0.0004195 
21 958 | 04 78 117 38 74 
29 926 | 0.001397 61 078 30 54 
23 893 | 91 44 040 23 35 
24 860 | 84 28 003 15 16 
25 827 | 78 12) 0.007964 | 08 | 0.0004097 
2% 797 | 71 | 0.0003496 928 | 0.001599 79 
27 767 | 65 80 893 | 92 60 
28 736 59 | 65 858 | 85 42 
29 706 53 50) 822 78 25 
30 676 | 47 | 35 787 | 71 07 
3 648 42 | 20 755 | 66 | 0.0003990 
32 621 36 | 06 723 59 74 
33 593 30 0.0003392 690 | 5s 57 
34 566 | 25 | 78 658 | 416 41 
35 538 | 20 64 626 | 40 | 25 
* “Carboxyl nitrogen’? = carboxyl carbon X 14.01/12.01. 


t ais the volume in ee. at which Pco, is measured, and i the correction 
factor for reabsorption of CO, (26). The volume (S) of solution extracted 
in the Van Slyke-Neill chamber is 3 ec. for all three types of analyses. 

For the most precise results, the factors must, for each apparatus and 
type of analysis, be multiplied, either by the ratio 

Actual a found by calibration 





a assumed in calculation of Table II 
or by the empirical 6 correction factor found in analyses of a pure amino 
acid (see text for 6 correction factor and Table III for examples of its 
determination). 
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of water. Because this value of a’ is somewhat higher than the a’ for the 
lactate-hydrazine solutions used for carbon combustions (25), the carbon 
factors for a = 2 anda = 10 in Table II are slightly higher than those ap- 
plied to carbon combustions (25). 


Correction of Factors by Analyses of Pure Amino Acids 

In each apparatus the precise factors for calculation of carboxyl 
values will as a rule deviate slightly from the factors in Table II, 
because the volumes of a and A in the manometric chamber are 
likely to deviate slightly from the values assumed for them in the 
calculation of Table II, the thermometer in the water jacket of 
the apparatus may have a slight correction, and, if a micro balance 
is used, its rider may also have its correction. The simplest way 
to correct for deviations in all these constants is, as in the carbon 
combustion method (p. 530 (25)), to perform a series of analyses 
on a pure substance. One of the amino acids is used which gives 
theoretical results under all conditions of the analysis. All the 
corrections for the apparatus are included in one factor, b, which 
is calculated as 
theoretical carboxyl N 


b= ~ Scare -. 7a 
carboxyl N calculated from Pco, by factor in Table II 


The corrected factors are calculated at 3° intervals as 6 times 
the factors in Table II, and are plotted against temperature for 
use with the apparatus. 

Table III gives an example of data used to determine the correc- 
tion factors for an apparatus. These data also indicate the order 
of the constancy of results obtainable by the method. 


COz Yields from Different Amino Acids 


The yields of carboxyl CO, from most of the amino acids yielded 
by protein hydrolysis, and also from three others, are shown in 
Table LV, with variations of the reaction medium. 

The reactions in glacial acetic acid were carried out by heating 
over a free flame in a combustion tube as described on p. 647. 
The procedure, of preliminary evacuation followed by immersion 
in a hot bath, for routine analyses in aqueous solution, cannot be 
applied when the medium is glacial acetic acid, because the reac- 
tion starts so quickly that some CO, would be lost during the pre- 
liminary evacuation. The results with aqueous solutions were 
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TaBLe III 


Analyses of Alanine to Determine Apparatus Correction Factor, b, for Macro-, 
Micro-, and Submicroanalyses 


Theoretical carboxy] nitrogen = 15.722 per cent. 



































kos | | Carboxyl N | Neal 
PRT soaatinassy | vemel| Alanine |p | Pem"| factor from | eulated | Eee 
reaction, anda volume* | (re sample | ture ki F a, factor b 
1) factor 
mg. mm. | °C. | per cent 
Macro | A |14.730¢:290.4| 24.5] 0.007984 | 15.74 
3 cc. solution | 17.7257|348.4| 24.4) 7988 | 71 
150 mg. ninhydrin |  |17.684¢1347.1) 24.4! 7989 68 
100 “ buffer, pH 2.5 | 16.317 319.3) 23.2 8033 | 72 
a = 10cce. encorseuted, | * 116.6507 '325.2) 22.5) 8059 | 74 
10.008 ec. by cali- | "Average......................... 18.72} 1.000 
bration Mean deviation from average +0.02|/+0.001 
| Correction factor calculated from cali- 
brated a of 10.008 1.001 
Micro | A | 3.2844|321.3] 25.0{ 0.001608 | 15.73 
2 ce. solution i = 3.397/330.7) 25.1 607 65 
100 mg. ninhydrin 4.088 1403.1) 28.0) 585 63 
50 “ buffer, pH 2.5 | « 4.088 403.2 28.0) 585 63 
a = 2 cc. uncorrected, | B 460541449 5! 25.3) 605 67 
2.006 cc. by cali- | 3.340/327.8) 25.4) 604 65 
bration | C | 4.088 |404.2) 28.0) 585 67 
** | 4.088 |403.4) 28.0) 585 64) 
| Average 15.66; 1.004 
| Mean deviation from average +0.03 +0. 002 
| Correction factor calculated from cali- 
.. '{ ;:: arr 1.003 
Submicro | A | 0.6771 268.5) 33.2 0.0003954| 15.68 
1 ce. solution - 6771 266.6) 33.1) 55! 57) 
50 mg. ninhydrin “ 6771/266.2) 33.0, 57) 56 
50“ buffer, pH25 = “ 6771/267.7| 32.7) 62! 67/ 
a = 0.5ce. uncorrected, 6771|266.2) 32.4, 67 60! 
0.501 ce. by cali- | Average........................ 15.62} 1.006 
bration Mean deviation from average. +0.05)+0.003 
Correction factor calculated from cali- | 
bented:6 Of OF ci ccs ccecsccons vat | 1.002 


*a = gas volume at which Pco, was measured. 
+t Samples weighed on micro balance. Other samples were measured as 
aliquots, within ca. +0.001 cc., of standard solutions. 
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TaBLe IV 
Quantitative Evolution of CO, from Amino Acids Heated with Ninhydrin 
under Varying Conditions of pH, Time, and Solvent 

Concentration of ninhydrin, 50 mg. per cc. in acetic acid and in water at 
pH 4.7 and 2.5, 42 mg. per ce. in water at pH 1. 

Yields reported by the integers 1 or 2 are quantitative and not increased 
by longer heating; yields reported to two decimal places are increased by 
longer heating. 

Moles CO: evolved per mole amino acid 


— 
In water solution* | , 
Amino acid In glacial 


Hit acetic 
pH4.7 | pH25 ocalaee acidt 
6 min 7 min ; 4 min. 

8 min. 15 min. | 


Amino acids found in protein hydrolysates 


0.95 0.80 0.93 
0.97 


Glycine. 1 
Alanine l 
Valine l 
Leucine 1 
Serine l 
Threonine l 
Hydroxyglutamie acid I 
Glutamie acid l 
Aspartie acid 2 
Phenylalanine ! 
Tyrosine l 
Tryptophane I 
Proline 1 
Hydroxyproline l 

l 

] 

l 

l 

I 

l 


1.14 
1.90 
! 
] 


6 


Cystine 07 1.28 


Methionine 
Arginine 
Histidine 
Lysine 
Hydroxylysine 


» 

I 

l 

l l 0.88 
7) 1.00 1.02 l 

2 1.00 1.01 


Amino acids not usually found in protein hydrolysates 
Homocystine l l 


Ornithine 1.06 1.01 l 1.01 
3-Alanine 0.16 0 0 0 0.87 





* Heated by immersion of evacuated reaction vessels in boiling water as 
described on p. 642 et seq. 

+ Glacial acetic acid solutions were heated with open flame in com- 
bustion tubes, as described on p. 647 et sey. 

t The solutions marked ‘“‘pH 1’’ contained H,PO, in 1 M concentration. 
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obtained by the routine technique, with evacuated reaction vessels. 
(For the synthetic hydroxyglutamiec acid we thank Dr. H. D. 
Dakin; for the homocystine, cystine, and methionine, Dr. Vincent 
du Vigneaud.) 

In each instance where the yield of CO: is shown by the integer 
1 or 2, the yield was theoretical and no additional CO, was evolved 
when the heating was prolonged beyond the time given. For the 
exceptional amino acids which do not give precise stoichiometric 
and completed reactions in the standard reaction intervals, results 
are given to two decimal places. 

The sharp difference in the behavior of the extra carboxyl group 
of aspartic acid from the extra carboxyl groups of the 5-carbon 
dicarboxylic acids, glutamic and hydroxyglutamic acids, is note- 
worthy; aspartic acid evolves 2 moles of COs, while glutamic and 
hydroxyglutamic evolve only 1 CO, each at pH 1 or 2.5, and only 
1.02 to 1.03 at pH 4.7. 


Reaction Rates of the Diamino Acids and Alanine at pH 1 
(i H;P04) 


Solutions of approximately 0.02 m concentration were prepared 
of lysine dihydrochloride, histidine dihydrochloride, arginine 
monochloride, and a-alanine, and 0.01 m cystine. 2 ec. portions 
of the solutions were measured with an accurately calibrated 
pipette into reaction tubes (Fig. 1, A), and were acidified with 
0.4 ce. portions of 6 m H;PO,. 100 mg. of ninhydrin were added 
to each and the tubes were evacuated and immersed in boiling 
water for varying intervals. They were then cooled under the 
tap and the CO, was determined as described for routine analyses. 

The results are given in Fig. 4, which shows that in analyses 
of histidine, arginine, cystine, and lysine 1 mole of CO, is 
evolved from each if the boiling period is set at 8 to 9 minutes, in 
the presence of concentrations of 42 mg. of ninhydrin per ce. and 
of 1 m H;PO,. Arginine and histidine yield 1 mole of CO, in any 
period longer than 6 minutes, but lysine and cystine react more 
slowly with their carboxyls, and then slowly evolve additional 
COs, so that their time must be empirically set at between 8 and 9 
minutes to give theoretical results. If monoamino acids are also 
present, as exemplified by alanine, one may run the reaction 15 
minutes to obtain complete yields from them, and accept a +2 
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per cent error in the CO, from the lysine and +5 per cent for 
the cystine. 
Choice of pH for Reaction with Ninhydrin 
From Table IV and Fig. 4 it appears that if one wishes to deter- 
mine the free amino acids in a mixture, such as a protein hy- 
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Per cent of theoretical CO, evolved 
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Boiling time, minutes 





Fic.4. Time curves of CO; evolution from lysine, arginine, histidine, and 
alanine reacting at pH 1 with ninhydrin concentration of 42 mg. per ce. 


drolysate, blood filtrate, or other biological fluid where probably 
all the amino acids yielded by protein hydrolysis may be present, 
results approximating theoretical will be obtained by carrying 
out the ninhydrin reaction at pH 2.5. There the COs, yields are 
theoretical with most of the amino acids, the exceptions being 
glycine, tryptophane, and cystine, which are low (95, 90, and 95 
per cent, respectively), and lysine, which is high (105 per cent). 
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If, however, one separates by precipitation with phosphotungstic 
acid the mixture of amino acids in a protein hydrolysate, the 
precipitated group, viz. histidine, arginine, lysine, hydroxylysine, 
and cystine, will yield theoretical results by reaction with ninhydrin 
at pH 1 and 8 to 9 minutes boiling (with 42 mg. of ninhydrin per 
ee. of reacting solution), while the “monoamino” group in the 
filtrate will yield theoretical results at pH 4.7, the only exceptions 
being the excess of 2 to 3 per cent yielded by glutamic and hydroxy- 
glutamic acids. 


TABLE V 
Peptides and Amino Acid Derivatives 














| Imole substance when heated| , Percent 
Betatanes 5 per cant aqueous nin | ned ae 
| me “at pH 2.5 "| carboxyl N 
Peptides 
Glycylproline : "P ol 0.01 0.5 
Glycylalanine. . 4 rs 0.00 0 
Glyeyltrileucine 0.00 0 
Glycylalanylglycine 0.00 0 
Glycylglycine a 0.016 0.8 
Glycyl-l-leucine 0.00 0 
Glycyl-l-phenylalanine _ 0.00 0 
Glutamyl-l-tyrosine =P 0.00 0 
l-Leucylglycine 0.00 0 
Dialanylglycine ee) 0.02 0.7 
Dileucyldiglycine 0.02 0.7 
Glutathione 1.00 33.3 
Other amino acid derivatives 
Glycine anhydride 0 0 
Glycylamide. 0 0 
N-Dimethylglycine 0 0 
Hippuric acid ; 0 0 
a-Benzenesulfonyllysine 0 | 0 
Sarcosine.... 0.8 | 80 
e-Carbobenzoxylysine ] | 50 


Peptides and Other Amino Acid Derivatives of Definite Composition 

The failure of peptides other than glutathione (which has the 
—CH(NH,)-COOH group free) and of certain other amino acid 
derivatives to evolve CO, when boiled with ninhydrin is shown 
in Table V. 
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If the peptides which evolve 0.01 or 0.02 mole of CO: in 6 minutes 
are heated for long periods with ninhydrin, the CO, evolved in- 
creases as a linear function of the time. The increase is due pre- 
sumably to gradual hydrolysis to amino acids. 


Proteins and Peptones 


Table VI shows that proteins and Witte’s peptone vield amounts 
of COs so slight as to be ordinarily negligible; the CO, from each 
of the three proteins indicates carboxyl nitrogen equal to only 
0.03 per cent of the protein nitrogen. This slight evolution of 
CO, appears attributable to hydrolysis of protein in the solution 
at 100° and pH 2.5. If the reaction vessels are left at 100° for an 
hour, evolution of CO. continues at the same slow rate observed 
in the first 6 minutes. 


TasBLe VI 
Carboryl Nitrogen Yielded by Peptones and Proteins at pH 2.5 


Ninhydrin concentration 50 mg. per ce. 


: Carboxy! N deter- 
Substance arboxy! de - 
mined in 6 min. 


per cent of total N 


Witte’s peptone 0.21 
Serum albumin 0.03 
Hemoglobin 0.03 

0.03 


Casein 


When free amino acids are determined in the presence of pro- 
teins, the effect of the latter will be negligible, unless the ratio of 
protein to amino acids is great; protein 100 times the amino acids 
would cause only a plus error of 3 per cent in the determined free 
amino acids. Also, the linear time reaction of the proteins 
makes it easy to correct for the protein effect when it is significant. 
The correction is made by measuring the “after reaction” 


as follows: 


Correction for Reaction of Proteins with Ninydrin—After the usual nin- 
hydrin-CO, determination is finished, the reaction vessel, detached from 
the chamber without releasing its vacuum, is heated again exactly as in the 
routine analysis, and the CO, formed during the second period is deter- 
mined. Because of the linear time reaction of the proteins, the CO, formed 
from them during the second heating period will equal that formed from 
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them during the first period. Hence the correction for CO, evolved from 
protein is made by subtracting the CO, evolved during the second heating 
period (the ‘“‘after reaction’) from that formed during the first period. 
The difference is the CO, from the free amino acids. 

This correction can be used in determining the free amino acids, without 
removal of proteins, in blood plasma, where the ratio of proteins to free 
amino acids is of the order of 200. 

As shown by Table V, some peptides hydrolyze to the extent of 1 or 2 
per cent during the reaction with ninhydrin at pH 2.5. If any such peptides 
are present in the protein-amino acid mixture, correction for their effect 
on the free amino acid value is included by the above procedure. 


TaBie VII 
Substances Other Than Amino Acids and Their Derivatives 


|Moles CO: liberated per mole substance 
when heated 6 min. in water solution 




















Platina with 50 mg. of ninhydrin per ce. 
In water 1 | In glacial acetic 

at pH acid 

Ascorbic acid Jisetadiete de teres 0.10 | 

SE. ; ok... 5. cea kee ewes Saks Oa ee 0 0.33 

Ammonia . eee ee 0 

Glucosamine i alpre 0 

Ethanolamine - 0 

Urea ou ~ 0.005 

Creatine banal 0 

Guanidine acetate : eee 0 0 

Aniline we | 0 0 

Dipropylamine et 0 

Lactic acid eee 0 

Citric ‘‘ 0 

Acetic ‘“ 0 

Oleic = a of hes 0 


Substances Other Than Amino Acids and Their Derivatives 


The only non-nitrogenous organic acid thus far encountered 
which evolves CO, as the result of reaction with ninhydrin under 
the conditions of the analysis at pH 2.5 is ascorbic acid (Table VII). 
It is interesting that creatinine, which reacts with ninhydrin in 
aqueous solution but slightly at pH 4.7 and not at all at pH 2.5, 
evolved 0.33 mole of CO, when boiled with ninhydrin in glacial 
acetic acid for 4 minutes. Ethanolamine and glucosamine, inert 
at pH 2.5, as shown in Table VII, evolve traces of CO, at pH 4.7. 
The slight CO, evolution from urea is not due to reaction with 
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ninhydrin, but to hydrolysis by the hot water. Actually only 
about half as much CO, is evolved in the presence of ninhydrin 
as in its absence; a combination appears to be formed between 
urea and ninhydrin which evolves CO. more slowly than does urea. 


APPLICATIONS OF THE NINHYDRIN-CO2 METHOD 
Analytical Determination of Purity of Amino Acids 

As indicated by Table IV, theoretical results can be obtained 
with any of the known amino acids yielded by protein hydrolysis 
if the reaction is carried out at a properly chosen pH. A sample 
of 4 to 6 mg. suffices for an accuracy of 2 or 3 parts per 1000. The 
procedure affords one of the quickest and most accurate micro- 
methods for determination of analytical purity of amino acid 
preparations. 

Determination of Free Amino Acids in Biological Material 

Because of the specificity of the ninhydrin-CO, reaction for 
free amino acids, it is adapted to the determination of free amino 
acids in complex biological mixtures. As mentioned above, it 
can be used to determine free amino acids in blood plasma without 
removal of the proteins. Methods for blood and urine will be pub- 


lished in a later paper. 


Estimation of Lysine Plus Hydroxrylysine in Diamino Acid Mixtures 
from Difference between Amino Nitrogen and Carboxyl Nitrogen 
When in a mixture of the diamino acids, lysine, arginine, and 

histidine, the amino nitrogen is determined by the nitrous acid 

method (21) and the “carboxyl nitrogen’’ by reaction with nin- 
hydrin at pH 1, each of the diamino acids has a ratio of 1:1 for 

NH: COOH except lysine, which has a ratio of 2:1. In a mixture 

of these amino acids therefore, as shown experimentally by Table 

VIII, the lysine can be calculated from the excess of NH: above 

COOH by the formula ' 

Lysine N = 2(amino N — carboxyl N) 
If hydroxylysine is present, it will be estimated with the lysine. 
If cystine also is present, as it frequently is when the hexone 
base fraction of a protein hydrolysate is precipitated with phos- 
photungstic acid (22), the cystine will not interfere with the lysine 
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plus hydroxylysine estimation, since cystine, like histidine and 
arginine, has a 1:1 ratio for NH;:COOH. In the presence of 
cystine it will, however, be necessary to add KI to the nitrite 
of the amino nitrogen reagents, as shown by Kendrick and Hanke 
(10), to prevent cystine from giving higher than theoretical NH: 


values. 


In the experiment of Table VIII solutions of 10 cc. volume were prepared 
with varying amounts of lysine, histidine, and arginine. The magnitudes 
of the carboxyl and amino nitrogen concentrations were similar to those 
encountered in the diamino acid solutions obtained in the nitrogen distribu- 
tion method (22) for analysis of hydrolyzed proteins. 

Carboxyl determinations were done in duplicate on 1 ec. portions, with 
measurement of CO, pressures with the gas at 2 cc. volume. Since the 
experiments were done before the present technique with preliminary 
evacuation had been introduced, the original procedure of Van Slyke and 
Dillon (24) was followed. The reaction with ninhydrin was carried out at 
pH 2.5, with exactly 3 minutes boiling over a free flame, the time being 
counted from the moment when boiling began. These conditions had been 
found to give theoretical carboxyl values for lysine as well as the other 
diamino acids; if, however, the boiling were continued longer than 3 min- 
utes, the values found for lysine would be toohigh. The present procedure, 
with preliminary evacuation and a pH of 1, demands less care and skill to 
yield theoretical carboxyl values with the hexone base mixture, but the 
data in Table VIII show that even the earlier technique was adequate. 

For amino nitrogen determination by the nitrous acid reaction, 3 ce, 
portions of each solution were diluted to 30 ec., and 5 ec. aliquots, repre- 
senting 0.5 cc. of the original base solution, were used for duplicate analyses 
by the manometric method (21). 20 minutes were allowed for the reaction 
with nitrous acid at 21-23° to become complete with the w-N H; of the lysine. 


The results are given in Table VIII. The maximum error of 
0.014 mg. of lysine nitrogen per ec. in a protein analysis by the 
nitrogen distribution method (22) would be of the order of 0.2 
per cent of the total protein nitrogen. 


Estimation of Aspartic Acid in Amino Acid Mixtures 
The ability of aspartic acid to evolve 2 moles of CQ, in the re- 
action with ninhydrin makes it possible by this reaction to de- 
termine aspartic acid in mixtures containing most of the other 
amino acids yielded by protein hydrolysis. As a simple case, in 
the mixture of glutamic and aspartic acids obtained from protein 
hydrolysates by the barium method of Jones and Moeller (9), 
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the proportion of aspartic acid can be determined by subtracting 
from the carboxy! nitrogen determined at pH 2.5 the amino nitro- 
gen determined by the nitrous acid method (20). 


(4) (Aspartic acid N) = (COOH-N) — (NH,-N) 


Similarly aspartic acid can be measured by the excess of carboxy] 
nitrogen over amino nitrogen in mixtures with such amino acids 


TasLe VIII 


Analysis of Known Hexone Base Mixtures with Calculation of Lysine from 
Difference between Amino N and Carboxryl N 


Mixture --| A B Cc | D E 
| mg. per | mg. per | mg. per | mg. per | mg. per 
ce. cc. cc ec. cc. 
Added substances 
Arginine dinitrate 0 1.908; 2.543) 1.387 0.763 
CeHyyN.O2-2HNO; 
Histidine dichloride 10.20 7.012! 4.675) 0 3.927 
CoH gN;02-2HCl 
Lysine dichloride 1.002) 2.755) 4.59210.018 | 6.612 
C.HyyN2O2-2HC! 
Found 
Amino N 0.750| 0.868) 0.991 1.340 1.115 


Carboxyl N 0.693! 0.699 0.697 0.700 0.694 


Lysine N calculated as 2(amino 


N-carboxyl N) 0.114) 0.338) 0.588 1.280) 0.842 
Calculated from added substances 
Amino N 0.754, 0.872) 0.993) 1.345 | 1.122 
Carboxyl N 0.690 0.696 0.699 0.705 | 0.699 
Added lysine N 0.128} 0.352) 0.587) 1.280 | 0.845 


Difference between lysine N cal- 
culated from analyses and lysine 
N added eats 0.014 —¢ 





014'+0.001) 0 —0.003 


as alanine, valine, etc., in which carboxyl and amino nitrogen are 
are equal. Cystine, like aspartic acid, vields 2 moles of COks, 
but the ratio of amino nitrogen to carboxy! nitrogen is 1:1, as in 
the monoaminomonocarboxylic acids. 

Lysine, hydroxylysine, proline, and hydroxyproline are the 
only known amino acids yielded by protein hydrolysis in the pres- 
ence of which aspartic acid could not be measured by the above 
formula from carboxyl values determined at properly chosen pH. 
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In the presence of proline and hydroxyproline, however, aspartic 
acid could be calculated by Equation 5. 


(5) (Aspartic acid N) = (COOH-N) — (total N) 


In the monoamino acid fraction obtained after removal of the 
hexone bases from protein hydrolysates, only tryptophane with 
its 2 nitrogen atoms would apparently interfere with the calcula- 
tion of aspartic acid by Equation 5, if the ninhydrin reaction is 
carried out at pH 4.7; and a correction could be made for the 
extra nitrogen of the tryptophane after colorimetric estimation 
of this amino acid. Application of Equation 5 to the monoamino 
fractions of protein hydrolysates (unpublished) has in fact yielded 
results which agree fairly well with the amounts of aspartic acid 
expected from other data in the literature. 


Determination of Free Amino Acids in Protein Digests 


As shown in Tables V and VI, proteins react with ninhydrin so 
slightly that only 0.03 per cent of their nitrogen is determined as 
“carboxyl nitrogen,” and peptides, except those of the glutathione 
structure, react either not at all or only in traces. It appears 
therefore that the ninhydrin-CO, method offers a means for de- 
termining with but little error the free amino acids in the mixtures 
of peptides and proteins encountered in protein digests. 

To obtain an indication of the pH most suited for the ninhydrin 
reaction in protein digests aliquots of a casein digest were heated 
for varying periods, with ninhydrin in 5 per cent concentration, 
at pH 1, 2.5, and 4.7, and time curves of the CO, production at 
these pH levels were plotted. The digest had approximately 
two-thirds of its amino acids completely liberated, while the other 
third was still in the form of peptides. 

The results are shown in Fig. 5. It is seen that the curves of 
CO, production at pH 1 and 2.5 rise sharply to the same maximum, 
which is reached in the same time required for free amino acids 
to complete the reaction (Fig. 2). On the other hand the reaction 
at pH 4.7 does not reach a definite maximum in this time, but 
continues slowly to rise to higher levels, indicating formation of 
additional CO:, presumably from secondary reactions of some 
of the aldehydes formed by the primary reaction. It appears 
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therefore that pH 2.5 or 1 is preferable to pH 4.7 for the reaction 
in protein digests. 

The presumable sources of the slow secondary formation of 
CO, at pH 4.7 are lysine, glutamic acid, and hydroxyglutamic acid. 
As is seen in Table IV, these all yield more than theoretical 
amounts of CO, in the regular reaction period at pH 4.7, but not 

COOH -N 
Totai-N * 1 
60 





_— pH 4.7 
- * 25 


Sana 16 | 


50 





20 


10 











TS SS ee ee ee = 
Min. 5 10 15 20 


Time of immersion 
in boiling water 





Fic. 5. Time curves of CO; formation of casein digest heated with nin- 
hydrin at 50 mg. per cc. concentration and at pH 1, 2.5, and 4.7. 


at pH 2.5, except for a diminished amount from lysine. With 
prolongation of the reaction the excess formation of CQOz increases. 
The amounts of these three amino acids in casein estimated in 
Schmidt’s summary (18) total 38 gm. per 100 gm. of casein; these 
amounts would about account for the extent, shown in Fig. 4, 
by which the CO, yielded at pH 4.7 exceeded that at pH 2.5 and 1. 








Van Slyke, Dillon, MacFadyen, Hamilton 663 


Experiment Illustrating Liberation of Peptides and Free Amino Acids 
in Tryptic Digestion of Casein and Demonstrating Absence 
of Peptidase from Crystalline Trypsin 


Two preparations of trypsin were used. One was a crystalline 
trypsin prepared according to Northrop and Kunitz (13). The 
other was Fairchild’s commercial trypsin, which obviously con- 
tained peptidase as well.!? 

150 mg. of casein were dissolved in about 15 ec. of water plus 18 to 20 
mg. of NasCOs. The solution was brought to pH 8 by addition of 0.05 
HCl, 15 mg. of trypsin were added, and the solution was diluted to 20 ce. 
The mixtures were digested at 37°. At intervals samples of 1 ec. were with- 
drawn and analyzed for amino nitrogen by the nitrous acid method (21) 
and for free amino acids by the ninydrin-CQ, reaction at pH 2.5. The ini- 
tial values were estimated from separate analyses of solutions of casein and 
of trypsin. The total nitrogen was determined by micro-Kjeldahl. The 
results are shown in the curves of Fig. 6. 


Striking is the absence of free amino acids in the digest formed 
with crystallized trypsin. When digestion had reached its limit, 
less than 1 per cent of the total nitrogen was in the form of free 
amino acids, as shown by the ninhydrin-CO, method. The in- 
crease in amino nitrogen, by the nitrous acid method, showed that 
digestion progressed as far as formation of peptides, but the 
carboxy! determination showed that practically no free amino 
acids were liberated. Our negative results for peptidase activity 
in the crystalline trypsin agree with negative results of Northrop 
and Kunitz (13), who observed no measurable hydrolysis of penta- 
glycylglycine, tri-/-alanyl-l-alanine, and tetra-dl-alanyl-dl-alanine. 

Comparison of the amino nitrogen, measured by the nitrous 
acid method, set free by the digestion (8.7 per cent of the total 
nitrogen) with the amount freed by total hydrolysis (65 per cent 
of the total nitrogen, as found in other experiments), indicates 
that the peptides formed when digestion by crystalline trypsin 
reached its limit contained an average of seven or eight amino 
acids per peptide molecule. 

In contrast to the crystalline trypsin the crude trypsin evidently 
contained peptidase in addition to the proteinase. The 15 per 
cent of nitrogen in the form of carboxyl nitrogen, compared with 
the 75 per cent formed by complete hydrolysis, indicates that about 


For the erystalline trypsin we thank Dr. J. 8. Fruton. 
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20 per cent of the amino acids in the protein was liberated. The 
rest of this digest was in peptides of about the average size of tetra- 
peptides, as calculated from the ratio between the peptide amino 
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Fig. 6. Digestion of casein with crystalline trypsin and with crude tryp- 
sin. Comparison of rise in amino nitrogen determined by the nitrous acid 
method (free amino acid NH, plus peptide NH.) with rise in “carboxyl 
nitrogen’’ (free amino acids only) during the digestions 


nitrogen of the digest (amino nitrogen freed by the digestion minus 
carboxyl] nitrogen) and the amount of amino nitrogen (65 per cent 
of the total N) liberated by complete hydrolysis. (This calcula- 
tion leaves prolyl peptides out of account.) 
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COg EVOLUTION BY AMINO ACIDS AND PEPTIDES TREATED 
WITH CHLORAMINE-T 


The apparatus was the same described for the analysis with 
ninhydrin. The tubes shown in Fig. 1, A were employed for the 
analyses recorded in Table IX. 

The reagents were also the same with two exceptions: 

In place of the 0.5 N NaOH solution used for absorbing the CO, 
evolved by the ninhydrin reaction, the solution containing 0.5 N 
NaOH plus 0.3 m hydrazine, employed by Van Slyke and Folch 
(25) in their carbon method, is used. The chloramine-T gives off 
enough chlorine to tarnish the mercury in the chamber unless the 
hydrazine is added to the alkali. 

In place of the solid ninhydrin a solution of chloramine-T was 
used as decarboxylating reagent. The solution was prepared by 
dissolving the chloramine-T (sodium salt) in 10 parts by weight 
of water. To this solution was added one-tenth its volume of 
saturated barium hydroxide solution. After standing half an 
hour or longer to complete precipitation of the CO, which was 
usually present as traces of carbonate in the chloramine-T, the 
solution was filtered into a bottle protected from atmospheric 
CO.. The bottle was then connected with a burette, with a blunt 
outlet tip that could be fitted tightly into the 3 mm. rubber tube 
of the reaction vessel (Fig. 1). Burette and bottle were arranged 
so that delivery of 0.5 ec. portions of the solution could be made 
into the reaction vessel without exposure to atmospheric COs. 
The alkaline solution thus prepared could be used for a week or 
longer. 

Procedure —The amino acid, with 1 ec. of water, was placed in 
the reaction vessel. 50 mg. of citrate buffer were added for re- 
action at pH 2.5 or 4.7. For reaction in alkaline solution, no 
buffer was added; the alkali added as the barium hydroxide in the 
chloramine-T solution titrated to approximately 0.02 N in the 
reacting solution. 

When the reaction was to be run for only 2 minutes, the vessel 
and amino acid solution were heated to 45-46° before the 
chloramine-T solution was added. When the reaction was to be 
run for 10 minutes, however, the chloramine-T was added without 
previous warming of the reaction vessel. 

After the amino acid solution and buffer had been placed in the 
reaction vessel, the latter was closed with the adapter and evacu- 
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ated. The lumen of the rubber tube above the clamp was filled 
with water, in order to prevent air from entering the vessel with 


TaBLe IX 


Evolution of CO, from Amino Acids, Peptides, Urea, and Creatinine Reacting 
with Chloramine-T at 45°, at Varying pH and Time. Microanalyses 
with Poco, Measured at 2 Cc. Volume 


Volume of reacting solution, 1.5 cc.; chloramine-T present, 45 mg. 


Moles CO: evolved per mole substance 

: Alkaline 0.02 n 

Amino acid pH 2.5 pH 4.7 Ba(OH): (no buf- 
fer added) 


2min. 10min. | 10min. | 2 min. | 10 min. 


Glycine 0.870 | 0.972 | 1.255 | 0.511 | 0.592 
Alanine 0.952 | 1.030 | 1.017 | 1.012 | 1.026 
Leucine 1.017 | 1.021 | 1.022 | 1.002 | 1.008 
Serine 0.925 | 1.028 | 1.022 0.993 
Threonine 0.881 | 1.015 | 1.048 0.983 
Glutamic acid 1.006 | 1.063 0.996 | 0.995 | 1.003 
Aspartic acid 1.665 | 1.750 | 1.938 | 1.180 | 1.272 
Phenylalanine 0.946 1.001 | 0.998 | 0.998 
Tyrosine 1.001 1.033 | 0.837 | 0.983 
Tryptophane* 0.576 0.751 0.759 | 0.790 | 0.982 
Proline ; 0.328 0.583 0.995 | 0.966 | 1.000 
Hydroxyproline 0.336 | 0.805 1.001 | 0.987 | 0.995 
Cystinef.. 1.067 1.064 0.794 | 0.642 | 0.740 
Arginine.. 1.013 | 1.023 1.006 | 1.003 | 1.000 
Histidine 1.018 1.037 | 1.020 | 0.976 | 1.023 
Lysine 0.988 | 1.009 | 1.043 | 0.995 | 1.000 
Glyeylphenylalanine 0.075 
Glutamyltyrosine 0.069 
Leucylglycine 0.005 
Glyeylleucine 0.028 

0.032 


Glyeylglycine 


0.005 | 0.0004 0.0003 
0.002 0.002 
0.025 


Urea 
Creatinine 
8-Alanine 
* Tryptophane formed with chloramine-T a brown precipitate. None 
of the other substances analyzed showed this reaction 
+ Theoretical for cystine is 2 moles of CO, 


the reagent solution next added. The blunt tip of the burette 
delivering the chloramine-T reagent solution was forced into the 
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tube as far as the clamp, and the clamp was removed during de- 
livery of 0.5 cc. of the reagent into the vessel. The clamp was 
restored, and the vessel was disconnected from the burette without 
‘admission of any air. The rubber tube above the clamp was 
washed out with acidified water, in order to prevent absorption of 
atmospheric CO, by adherent alkaline reagent solution. 

The vessel was then placed in a bath at 45—46° for either 2 or 10 
minutes. 

At the end of this reaction period, 0.5 cc. of 2 N lactic acid was 
run into the vessel from a burette in the same manner described 
for addition of the chloramine-T reagent. The vessel was then 
attached at once, while warm, to the chamber of the manometric 
apparatus, which had already been charged with 2 ec. of 0.5 N 
alkali solution containing hydrazine. 

The transfer of the CO, from the vessel to the alkali-hydrazine 
solution in the chamber and the subsequent steps of the analysis 
were as described for the analysis with ninhydrin as decarboxy- 
lating reagent. 

Calculations-—-To calculate carboxyl carbon the carbon factors 
of Folch and Van Slyke (25) were used, instead of the factors in 
this paper, since the NaOH-hydrazine solution was used to absorb 
the CO.. The factors are about 0.5 per cent lower than those 
in Table IT, because the solubility of CO in the acidified hydrazine- 
containing solution is less than in the acidified 0.5 Nn NaOH used 
for the ninhydrin analysis. 

Results—The results are given in Table IX. The analyses re- 
ported with “alkaline reaction about 0.02 n Ba(OH).” were done 
without the addition of any pH-regulating substance other than the 
barium hydroxide present in the chloramine-T solution. The de- 
gree of reproducibility of the results cannot be stated with pre- 
cision, because repeated analyses were not run with most of the 
amino acids. The low results with cystine, which should yield 2 
moles of COs, may be due to the insolubility of this amino acid at the 
temperature used; it did not appear to go completely into solution. 
The same holds for tyrosine at pH 4.7. 

Some of the amino acids yield theoretical results. The reaction 
of lysine at pH 2.5 or in alkaline solution is more sharply quantita- 
tive than when ninhydrin is used as the reagent. In general, 
however, the results with chloramine-T vary more frequently from 
theoretical than the results with ninhydrin, and the chloramine-T 
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reaction shows greater effects of pH variations. Also the peptides 
are split further with chloramine-T than with ninhydrin. 


SUMMARY 


An analytical method for free amino acids is described in which 
CO, from their carboxyl groups is evolved in a few minutes by 
reaction with ninhydrin, and is measured in the Van Slyke-Neill 
manometric apparatus. The same apparatus and technique serve 
for micro- and macroanalyses. The precision and rapidity of the 
method are such that it affords a convenient criterion of the 
analytical purity of isolated amino acids. 

Each of the known amino acids yielded by protein hydrolysis 
evolves at properly chosen pH 1 mole of CO», except aspartic acid 
and cystine, which evolve 2. Glutamic acid, unlike aspartic, 
evolves CO, from only one carboxyl group. 

The CO,-forming reaction is uniquely specific for free amino 
acids, because it requires the presence, in the free, unconjugated 
state, of both the carboxy] group, and of the NH» or (in pro- 
line and hydroxyproline) the NH(CHg,) group. 

Peptides as a class vield no COs, or only traces, in the analysis. 
An exception among peptides is glutathione, in which glutamic acid 
is so linked that the —CH(NH,)-COOH group is free. 

Chloramine-T as a decarboxylating reagent gives results similar 
to those of ninhydrin, but less sharply quantitative. 

When combined with the nitrous acid method for amino nitro- 
gen, the ninhydrin carboxy] method serves to estimate certain 
amino acids in mixtures with others. In mixtures of the diamino 
acids, the excess of NH, over COOH serves to measure the lysine 
plus hydroxylysine. In mixtures of aspartic acid with glutamic 
acid, alanine, etc., the excess of determinable COOH over the NH; 
or total nitrogen serves as a measure of the aspartic acid. 

In protein digests carboxy! determinations indicate the amounts 
of free amino acids formed. 

Crystalline trypsin was thus shown to digest casein to peptides, 
without liberation of free amino acids. 
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In the present method the CO, evolved by decarboxylating 
amino acids with ninhydrin is transferred to standard barium 
hydroxide and titrated. The conditions for making the ninhydrin 
reaction quantitative are those previously worked out for applica- 
tion in the manometric method (6, 7). The transfer of the CO, 
to the barium hydroxide is done by a distillation in vacuo which is 
completed in 2 to 3 minutes. The titration, with added barium 
chloride to insure complete precipitation of the barium carbonate 
formed, follows a principle used by Krogh and Rehberg (2). 

After the present method was completed Christensen, West, 
and Dimick (1) published a procedure in which Van Slyke and 
Dillon’s (6) conditions for the quantitative ninhydrin reaction 
were applied, and, as in the present method, the CO, was distilled 
into standard barium hydroxide and titrated. We nevertheless 
publish the present method because it is carried out somewhat 
more rapidly, and with cheaper and simpler apparatus. A pair of 
small Erlenmeyer flasks attached to a U-tube provides all the 
special apparatus required for the reaction, the distillation, and 
the titration. 

The titration yields results of the same order of constancy as 
the manometric method in the macro- and microanalyses. In the 
submicroanalysis, however, (carboxyl carbon under 0.1 mg.) the 
titration shows less constancy than the manometric procedure. 

When the manometric apparatus is available, the analysis based 
on it will usually be preferred, particularly for small amounts. 
The manometric procedure requires fewer precautions against 
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atmospheric CO», is more accurate for minimal amounts of amino 
acids, and is free from the necessity of continual restandardization 
of solutions. With regard to rapidity there is little to choose 
between the two methods: each permits about six analyses 
per hour. 

In the following description the terms “macro,” “‘micro,” and 
“submicro” will be used to indicate analyses of amounts of amino 
acids similar to the amounts used for macro-, micro-, and submicro- 
analyses in the manometric procedure (7). ‘‘Macro’’ will indicate 
analyses in which the carboxyl nitrogen measured is from 3 to 5 
mg.; “micro,” analyses with 0.15 to 1 mg.; and “submicro,” 
analyses with less than 0.15 mg. 

The term “carboxyl nitrogen” is used as previously (7) to 
indicate carboxyl carbon X 14/12; in each amino acid except 
aspartic acid, ‘carboxyl nitrogen” is synonymous with a-amino 
or (in proline and hydroxyproline) with a-imino nitrogen. 


Apparatus 

The apparatus, two Pyrex 25 cc. Erlenmeyer flasks and a U-tube, 
is shown in Fig. 1. The U-tube and necks of the flasks should be 
of approximately the same external diameter, 16 or 17 mm. The 
rubber tubing connecting them is of } inch (12 mm.) bore and 
3/16 inch wall thickness. The precautions with regard to selection 
and cleaning of the rubber are the same as those described for the 
manometric procedure (p. 633 (7)). The 25 ce. flasks should be 
chosen with but slight flanges, or should have the flanges cut off, 
or pushed in with a flame. The 25 ec. flasks may if desired be 
replaced by the special test-tubes used for the manometric analyses 
(Fig. 1, A of the preceding paper (7)), which are perhaps more 
convenient for the submicrotitrations. 

A 5 ce. burette accurate to 0.01 ce. 

A Rehberg (4, 5) micro burette of 200 ¢.mm. capacity, needed 
only if submicroanalyses are to be done. 

A reservoir for CO.-free air. One is conveniently made of two 
aspirator bottles of 2 liters each, with their lower openings con- 
nected by a rubber tube. The bottles are charged with 2.5 liters 
of 10 per cent NaOH solution. The upper opening of one bottle 
is closed by a soda lime tube, that of the other by a perforated 
stopper connected with light rubber tubing ending in a glass 
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eapillary from which CO2-free air can be drawn. When all the 
air from this bottle has been used, the soda lime tube and air exit 
tube on the two bottles are interchanged, the bottle now full of 
solution is elevated, and CO,--free air is drawn from the other, after 
it has been shaken to assure absorption of all the CO.. The bottles 
are marked at intervals indicating 200 ec. for convenience in 
measuring air outflow. 

Calibrated glass spoons for convenient measurement of 50 and 
100 mg. charges of ninhydrin and citrate buffer. These are the 
same as previously described (7). 

A water bath similar to that used for the manometric method 
(7). If several analyses are to be run simultaneously, which can 
easily be done, a rectangular bath will be somewhat preferable to 
a cylindrical one. 


Reagents 


Besides the citrate buffers and ninhydrin, described in the pre- 
ceding paper (7), the following will be needed. 

Approximately 0.25 n barium hydroxide containing 2 per cent of 
barium chloride. For macroanalyses. A saturated solution of 
barium hydroxide is titrated and diluted to bring its concentration 
to0.3.N. 5 volumes of this solution are mixed with 1 volume of a 
neutral solution of barium chloride containing 12 gm. of 
BaCl,-2H,O per 100 ec. 

Approximately 0.125 n barium hydroxide containing 2 per cent 
of barium chloride. For microanalyses. Barium hydroxide is 
prepared of 0.15 N concentration, and 5 volumes are mixed with 
| volume of the 12 per cent barium chloride. 

Approximately 0.0155 Nn barium hydroxide containing 10.5 per 
cent of barium chloride. For submicroanalyses. 1 volume of the 
0.125 N barium hydroxide is diluted with 7 volumes of the 12 per 
cent neutral barium chloride solution. 

Standard 0.1428, 0.07138, and 0.02855 n HCl (N/7, N/14, and 
n/35, X 14.00/14.01). These concentrations are chosen because 
lec. portions are equivalent to 1, 0.5, and 0.2 mg. of carboxy] nitro- 
gen, which is more frequently calculated than carboxyl carbon. 

Approximately 10 per cent sodium hydroxide for use in the reser- 
voir of COz-free air. 
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Caprylic alcohol, as anti-foam. A good commercial product 
need not be redistilled for this method. 

Indicators. 1 per cent phenolphthalein in 95 per cent alcohol, 
().04 per cent cresol red solution in water. 

Sodium veronal buffer of pH 8.0. This buffer is prepared, ac- 
cording to the directions of Michaelis (3), from a stock solution 
containing 10.3 gm. of sodium veronal in 500 cc. of water. 7 ee. 
of stock solution are mixed with 4 cc. of N/14 HCl. The solution 
is used as color standard for the end-point in the submicrotitration. 


PROCEDURE 
Reaction with Ninhydrin 


The amino acid solution is placed in flask A, Fig. 1. If the 
analysis is a submicro one, the solution should not exceed 2 ce. 
in volume; for micro- or macroanalyses the volume may be as 
high as 5 ce. As described in the preceding paper (7), buffer is 
added to give a pH of 2.5 or 4.7, a drop of octyl alcohol is added, 
preformed COs is boiled off, the flask is stoppered, and the solution 
is cooled to below 15°. 

Flask B is now freed of atmospheric CO, by passing through it 
250 ec. of COe-free air. After the first 100 ce. have been 
run through, barium hydroxide solution is pipetted into the flask 
as follows: for the macroanalysis 3 cc. of 0.25 nN, for the micro- 
1.000 ec. of 0.125 N, and for the submicroanalysis 1.000 ec. of 
0.0155 nN hydroxide. The stream of COs-free air is continued 
through the flask while the barium hydroxide is being pipetted in. 

Into the amino acid solution in flask A one now dumps 50, 100, 
or 150 mg. of ninhydrin from a glass spoon (see p. 635, preceding 
paper (7)). Both flasks are quickly connected with the U-tube, 
as shown in Fig. 1, the lower ends of the rubber connecting tubes 
being first dipped in water for lubrication. The apparatus is 
immediately evacuated with a water pump, and the clamp at the 
top is closed. Several analyses may be prepared as far as this 
stage, and then boiled together. 

The entire apparatus is now immersed upright as far as the clamp 
in a bath of boiling water for the time necessary to complete the 
reaction with ninhydrin (see Fig. 2 of the preceding paper (7)). 
If the concentration of ninhydrin is 50 mg. per ce., this time is 6 
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minutes at pH 4.7 and 7 minutes at pH 2.5. If the ninhydrin is 
more dilute, the time is increased in proportion to the dilution. 


Distillation of COz 


The distillation of the COs, with most of the water, from A into 
B is accomplished simply by lifting B over the edge of the hot 
water bath and immersing the lower half of B in cold water, while 








Ba(0H)2 
solution 


Amino acid 
solution 





Fic. 1. Apparatus for evolution and distillation of carboxyl CO; 


A and the limb of the U-tube above A remain in the boiling water. 
The time used to complete the distillation of CO, into B is 2 min- 
utes when the volume of amino acid solution in A is 1 or 2 ee.; 3 
minutes when it is 3 to 5ce. The receiving flask is shaken during 
the distillation to mix the distillate with the barium hydroxide 
solution. Without the shaking absorption of CO, is incomplete. 

When the distillation is finished, the apparatus is cooled and 
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CO.-free air from the reservoir is admitted through D. D is then 
closed again with the clamp and the apparatus is left connected 
until one is ready for the titration. 


Titration 


Macroanalyses—The titration is done with the 0.1428 n (Nn/7) 
HCl from a 5 ee. burette. 1 drop of the phenolphthalein solution 
is added as indicator. No especial precautions against atmos- 
pheric CO, are required, except that the titration is carried out at 
once after the flask is disconnected from the U-tube. 

Microanalyses—The titration is done with the 0.02855 n (N/35) 
HCl, with the 5 cc. burette and the same technique used in the 
macroanalyses. 

Submicroanalyses—The titration is done with 0.07138 N (N/14) 
HCl and the Rehberg micro burette. Immediately after discon- 
necting from the U-tube, the flask is placed on the stand of the 
Rehberg burette and a stream of CO,-free air is started bubbling 
through the barium hydroxide solution as rapidly as it can go 
without splashing the solution up on the walls of the flask. A drop 
of cresol red solution is added, and acid from the burette is run in 
from the submerged tip until the color of the titrated solution 
matches that of an equal volume of veronal buffer solution con- 
taining 1 drop of the cresol red. 


Blank Analyses 

With each series of micro- or submicrotitrations duplicate blank 
analyses are done on the same day. The blank analysis is per- 
formed with an equal volume of water in place of the amino acid 
solution, and with all the reagents used in the analysis except the 
ninhydrin. Ninhydrin evolves no CO, from itself, and one can 
safely economize on the expensive reagent by omitting it from the 
blanks. The volume, 7), of standard HCl required in the blank 
analysis to neutralize the barium hydroxide after the distillation 
serves as the basis of the calculation in the analyses of amino acids. 
It is not necessary to determine the traces of CO» yielded by the 
water and reagents in the blank. The 7, value includes corree- 
tion for these, as well as standardization of the barium hydroxide 
solution. For the macroanalvses the blanks need not be repeated 


for every series. 
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Calculation 
If 7; represents the ec. of N/7, N/14, or N/35 HCl used in titrat- 
ing the blank, and 7’, the ec. of the same HCl used in the amino acid 
analysis, the results are calculated as: 


Mg. carboxyl nitrogen or carboxyl carbon = (7, — T:) X factor 


For carboxyl nitrogen the factor is 1, when N/7 HCl is used 
(macroanalyses) ; 0.2 when N/35 HCl is used (micro-) ; 0.5 when the 
HCl is N/14 (submicro-). 

For carboxy] carbon the corresponding factors are 0.857, 0.1715, 
and 0.4285. 


EXPERIMENTAL 
Effect of Laboratory Atr on Titration in Submicroanalyses 


Titration flasks were washed out with 250 cc. of CO+-free air 
while 1 ec. of 0.0155 N barium hydroxide solution was measured 
into each. ‘Titrations done at once, with CO,-free air bubbling 
through the solutions, showed neutralization of 232.5 and 234.0 
emm. of N/14 HCl in duplicates. 

Control titrations, with all conditions the same except that 
after the barium hydroxide was measured into the flasks the 
latter were permitted to stand open for 5 minutes, without passage 
of a stream of CO,-free air, before the titration was begun, took 
220.2 and 224.2 c.mm. of N/14 HCl. The difference of 10 ¢.mm. 
was equivalent to 0.005 mg. of carboxyl nitrogen, or enough to 
introduce a 5 per cent error in a determination of 0.1 mg. 

Another pair of controls in which there was likewise a delay of 
5 minutes, but during this time laboratory air was kept out by 
passing a stream of CO:-free air through the flasks, gave the same 
results, viz. 232.5 and 232.9 c.mm., as when the titration was done 
immediately. 


Analyses of Amino Acids 


The conditions under which the different amino acids react 
quantitatively have already been shown (7). Hence here will be 
given only data (Tables I to II]) obtained with standard alanine 
solutions to indicate the orders of constancy shown by the three 
types of titrimetric analyses. 
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TABLE I 
Macroanalyses of Alanine 
Volume of solution, 3 ce.; ninhydrin, 150 mg.; pH 2.5; boiling time for 
reaction, 7 minutes; distillation time, 3 minutes. 
Theoretical carboxy] nitrogen in all analyses, 3.891 mg. 
T, = 5.95 ee. of 0.1428 nw HCI used in blank analysis. 


Carboxy! N 


0.1428 N Hol used in T: —T: 
titration Found Per cent of theory } 
ee. ec. mq. " 
2.07 3.88 3.88 99.7 
2.09 3.86 3.86 99.4 
2.07 3.88 3.88 99.7 
2.07 3.88 3.88 99.7 
2.09 3.86 3.86 99.4 
2.07 3.88 3.88 99.7 
Average 99.6 
Mean deviation from average +0.1 


TABLE II 
Microanalyses of Alanine 
Volume of solution, | ce.; ninhydrin, 50 mg.; pH 2.5; boiling time for 
reaction, 6 minutes; distillation time, 2 minutes. 


. ‘ 2 mt - he t = 
Sample Blank Titration in ot BaCOs Carboxy! N found 
titration analysis Sosenadl 
me. | 0.08866 x | o.08tis w | o.oniis w | me. | Mingianl | Per cena 
HCl (nw /35 HCl Hcl ‘ 
3.688* 4.33 1.43 2.90 0. 580 15.73 100.1 
3.245* 1.33 1.80 2.53 0.506 15.59 99.2 
2.700* 4.33 2.16 2.17 0.434 15.63 99.4 
1.349 4.33 3.27 1.06 0.212 15.7 100.0 
3.604 4.12 1.32 2.80 0.560 15.54 98 .9 
3.604 4.12 1.30 2.82 0.564 15.65 99.6 
3.604 4.12 1.29 2.83 0.566 15.70 99.9 
3.604 4.12 1.30 2.82 0.564 15.65 99.6 
Average 99.6 
+0.3 


Mean deviation from average 


* Weighed on micro balance. Other analyses were on aliquots of stand- 


ard solutions 





| 
| 
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TaBeE III 
Submicroanalyses of Alanine 
Volume of solution 1 cc.; ninhydrin, 50 mg.; pH 2.5; boiling time for 
reaction, 6 minutes; distillation time, 2 minutes. 
All analyses on 1.000 cc. aliquots of standard solutions. 














. T T: Rh T: | 
yam Sample Blan Titration [Eqrivatent Carboxyl N found 
titration | in analysis Seumandl 
—— — -_ ———| — ‘Bassam 
c¢.mm., | c.mm. c.mm., ; eons if | cent of 
mg. Be meted 0. 188 N 0.07188 N mg. Prubstan = «oo a 
25 ce. 0.4642 190.5 46.7 143.8 0.0719 | 15.49 | 98.5 
flask alanine 190.5 44.7 145.8 | 729 | 15.70 | 99.9 
190.5 15.7 144.8 724 15.60 99.2 
190.5 | 43.2 147.3 737 | 15.88 | 101.0 
174.6 | 31.6 | 143.0 715 | 15.40 | 98.0 
174.6 30.6 144.0 | 720 | 15.51 | 98.7 
Average on Se 
Mean deviation from average ..... 0.6 
10 ee. 0.4618 181.3 38.6 142. 0.0714 15.46 | 98.4 


7 
flask | alanine 181.3 35.2 146.1 732 15.85 | 100.8 
181.3 36.8 144.5 723 | 15.66 | 99.6 
181.3 38.2 143.1 716 | 15.50 | 98.6 

8 5 


181.3 37.8 143. 718 | 15.55 98 .9 
177.5 33.9 143.6 718 | 15.55 | 98.9 
Average phic ikke hehe ie ; See ee ee 99.2 
Mean deviation from average....... +0.7 


SUMMARY 


A titration method is described for determining free amino acids 
by titration of the CO, evolved from their carboxyl groups during 
reaction with ninhydrin. The only special apparatus required 
consists of two 25 cc. Erlenmeyer flasks connected by a U-tube. 
The reaction occurs in one flask; the CO, then distils in vacuo 
during 2 to 3 minutes into standard barium hydroxide in the other 
flask, where the excess hydroxide is titrated. The same apparatus 
serves for macro- and microanalyses. 

For amounts of carboxyl carbon above 0.4 mg. the mean vari- 
ability of results is of the order of +0.3 per cent of the amounts 
measured. Microanalyses with samples down to 0.04 mg. of 
earboxyl carbon can be done with a mean error under 1 per cent. 
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In the present procedure hydroxylysine is precipitated from 
protein hydrolysates with the other diamino acids by means of 
phosphotungstie acid. In the mixture of the diamino acids hy- 
droxylysine is determined by means of the ammonia liberated by 
the reaction 
RCH(OH)-CH(NH,)R’ + NalO, = RCHO + R’CHO + NH; + NalO; 


The peculiar ability of periodic acid to split an aliphatie chain 
hetween two adjacent carbons bearing groups with active hydro- 
gens was applied by Malaprade (2) to the -CH(OH)-CH(OH)- 
group in polyalcohols. Nicolet and Shinn (8) were the first to 
apply it to hydroxvamino acids. They showed that serine and 
threonine were split with formation of formaldehyde and acetalde- 
hvde respectively, and, with regard to ammonia, stated, ““The prog- 
ress of HIO, consumption with time is entirely consistent with the 
assumption that the other direct products from serine are (as would 
be expected) ammonia and glvoxyvlic acid.”” The present authors 
(21) applied the reaction to hydroxylysine, and found that if the 
periodate acted in alkaline solution the hydroxylysine was split 
with formation of | mole of formaldehyde and 1 mole of ammonia, 
and the reduction of 1 mole of LO; to [O;-. 


* Measurement of the ammonia produced by alkaline periodate as a 
means of determining hydroxylysine and other hydroxyamino acids with 
the -CH(OH)-CH(NH,)- group has been mentioned in a preliminary note 
(21). The present paper contains details necessary for precision, and for 
the application of the method to hydroxylysine determination in protein 
hydrolysates. 
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In preliminary experiments, when we treated hydroxylysine and 
serine with free periodic acid and titrated the unused excess of 
periodic acid in acid solution with thiosulfate, as was done by 
Malaprade (2), we were unable either to demonstrate a quantita- 
tive reaction with hydroxylysine or to confirm the rapid course 
noted by Nicolet and Shinn (8) with serine. When, however, the 
excess periodate was titrated with arsenite by the method of 
Miiller et al. (5, 6) and of Fleury and Lange (1),' which includes 
preliminary alkalinization with excess NaHCQOs, we obtained im- 
mediate reduction of 1 mole of 1O,- to [O;~ by either amino acid. 

It developed that the reaction of the hydroxyamino acids was 
not completed during the treatment with the acid solution of 
periodic acid (e.g., see lowest curve of reaction with hydroxylysine, 
Fig. 2; serine vields practically identical curves), but was instantly 
completed at the moment when the bicarbonate was added to pre- 
pare the solution for the arsenite titration. This observation led 
us to study the conditions of alkalinity which would most sharply 
differentiate the reactivity of hydroxylysine from that of the non- 
hydroxyamino acids, and to the adoption of conditions for quan- 
titative ammonia production by the reaction. It was found that 
although the slightly alkaline reaction of NaHCQOs sufficed for a 
quantitative reaction of periodate with the -CH(OH)-CH(NH,)- 
group, the presence of free NaOH was necessary in order to prevent 
low results for ammonia. 

It was found furthermore that if periodate reacts in a solution 
containing only hydroxyamino acids, the yields of ammonia are 
only 80 to 90 per cent of the theoretical, presumably because part 
of the ammonia condenses with some of the aldehyde that is formed 
from the rest of the hydroxyamino acid. If a sufficient excess of 
non-hydroxvamino acid is present, however, a quantitative vield 
is obtained from the hydroxy acids, presumably because the amino 
groups of the non-hydroxvamino acids condense with the nascent 
aldehyde before it can combine with the ammonia. Consequently, 
in analyses of hydroxylysine, an adequate concentration of glycine 
is added in order to make the ammonia vield quantitative. 

' We thank Dr. Nicolet for his courtesy in informing us, prior to detailed 


publication, concerning his use of this titration in the experiments of the 
preliminary note of Nicolet and Shinn (8) 
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Since hydroxylysine is decomposed by alkaline periodate with 
formation of 1 molecule each of formaldehyde and ammonia, and 
the reduction of 1 molecule of periodate to iodate, three ways are 
possible for quantitative determination of this amino acid; viz., 
measurement of the reduced periodate, of the generated formalde- 
hyde, or of the ammonia. 

Titration of the amount of periodate reduced proved to be a 
convenient method for analysis of preparations of isolated hydroxy- 
lysine salts for their analytical purity.2 Such titration, however, 
is not sufficiently specific to measure hydroxylysine in mixtures of 
the diamino acids, for cystine, as shown by Nicolet and Shinn (8), 
and histidine, as found by ourselves, also reduce periodate by reac- 
tions other than that formulated above. They do not yield am- 
monia. 

Precipitation of the formaldehyde as the dimedon compound by 
Vorlander’s method (23), used in determining the structure of hy- 
droxylysine (21), can be applied to a few mg. of hydroxylysine: 
it is necessary merely to acidify the periodate reaction mixture with 
acetic acid to pH 5 or 6, add an excess of dimedon, let stand over- 
night for precipitation, and weigh the washed precipitate after dry- 
ing it in a desiccator. It may be the most convenient method of 
analysis when only occasional determinations are to be done. 

For series of analyses, however, determination of the ammonia 
has proved most convenient, and has been used for the protein 
analyses reported in this paper. 

Separation of the diamino acids from the monoamino fraction 
was found to be a necessary preliminary to determination of hy- 
droxylysine by the yield either of formaldehyde or of ammonia. 
In the monoamino fraction serine has been shown by Nicolet and 
Shinn (8, 9) to vield formaldehyde, and the authors have found 
that ammonia is produced quantitatively by all the 8-hydroxy- 
amino acids, serine, threonine, and §-hydroxyglutamie acid (21). 
Hence it is necessary to separate these amino acids from hydroxy- 
lysine before the latter is determined. 

The present hydroxylysine determination is based on the as- 


? For a microanalysis 4 or 5 mg. of hydroxylysine monochloride, or twice 
as much picrate, are dissolved in 3 ce. of water, and treated with 2 ce. of 
0.02 m HIO,, of which the excess is then titrated with arsenite as described 
for ‘Alkaline solutions’’ (see p. 694). 
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sumption that this amino acid is the only one in the phosphotung- 
state precipitate which yields ammonia by reaction with periodate. 
This assumption has been verified for the known diamino acids, 
arginine, histidine, lysine, and cystine. The possibility remains 
that some other hydroxy derivative of the diamino group may exist 
unidentified in proteins, as did hydroxylysine until recently (20), 
and may be precipitated and determined with the hydroxylysine. 
The possibility appears small, and we report the method and the 
results as applying to hydroxylysine, with the reservation that the 
figures may include some other, as yet unknown, basic hydroxy- 
amino acid with similar properties. 

Demonstration in the preliminary note by the authors and 
Hastings and Klemperer (21) that alkaline periodate evolves 
ammonia quantitatively from the hydroxyamino acids as a class 
(except hydroxyproline), and not from other types of amino acids 
vielded by protein hydrolysis, indicated the possibility of deter- 
mining the total amounts of hvdroxyamino acids in protein hydrol- 
ysates by the ammonia procedure. It has since been employed 
for this purpose by Martin and Synge (3), by Nicolet and Shinn 
(10, 11, 13), and by Nicolet and Saidel (7). The details described 
below, which we have found essential for precision in applying the 
ammonia procedure to hvdroxylysine, serve also for the other 
hvdroxvamino acids with the -CH(OH)-CH(NHz,)- group. 


DETERMINATION OF HYDROXYLYSINE IN PROTEINS 
Apparatus 

The apparatus used in the analysis of proteins by the nitrogen 
distribution method (16, 17), for the hydrolysis of small portions 
of protein, distillation of HC] and ammonia in vacuo, and precipita- 
tion and washing of the phosphotungstates of the diamino acids. 

The apparatus for determination of ammonia by aeration, de- 
scribed by Van Slyke and Cullen ((19), and (12) p. 548). 

A gas flowmeter or gas meter to measure the air current used for 
transfer of ammonia by aeration. 


Reagents 


6 ~ HCl, made by diluting 1 volume of concentrated HCI with 


1 volume of water. 
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Calcium hydroxide, finely divided light powder. 

Phosphotungstic acid, purified by Winterstein’s method (24) ap- 
plied as follows: The acid is dissolved in an equal weight of water 
and shaken in a separatory funnel with enough ether to cause 
formation of three layers, the lowest being ether containing the 
desired fraction of the acid, the middle being aqueous, and the top 
the excess ether. The lowest layer is washed three times, each 
time with an equal volume of water. The heavy ether solution 
is then transferred to a porcelain dish and dried on a steam bath. 
The product is not hygroscopic and forms a clear solution. The 
recovery was 70 per cent when Merck’s Reagent grade was used. 

Sulfuric acid, approximately 0.1 N. 

Potassium carbonate, saturated solution. 

Sodium hydroxide, approximately 2 x, 5 N, and 10 N. 

Glycine solution, 5 gm. per 100 ee. 

Caprylic alcohol, redistilled, middle portion. 

Periodic acid, 0.2 m. The theoretical amount of crystalline 
HIO,-2H.0* is 45.59 gm. per liter, but the hygroscopic character 
of the crystals prevents accurate weighing. 46 gm. are weighed 
out roughly and diluted to 1 liter with water. A slight precipitate 
may settle on standing. It is best to let the solution stand over- 
night or longer, and filter before using. It is standardized against 
0.1 N arsenite solution, made according to Treadwell and Hall (15). 

Bromine solution. 60 gm. of KBr are dissolved in 100 cc. of 
water, and 2.5 ec. of bromine are dissolved in the KBr solution 
(22). The solution is kept in a glass-stoppered bottle which is 
opened as little as possible. The bromine content is checked at 
least once a month by titration with thiosulfate, as it gradually be- 
comes weaker from volatilization. If loss exceeds 20 per cent, 
the solution is discarded or reinforced with added bromine. 


PROCEDURE 

Hydrolysis of Protein and Preparation of Solution of the Diamino 
Acids 

The analysis can be carried through with as little as 0.5 gm. of 


protein, but in the analyses reported in this paper 3 gm. portions 


* Crystalline periodic acid can be obtained from the G. Frederick Smith 
Chemical Company, Columbus, Ohio (14). 
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were hydrolyzed, giving sufficient material for repetition of dupli- 
cates and for testing the diamino acid solution for the presence of 
ammonia. 

The protein is hydrolyzed by boiling under a reflux for 24 hours 
with about 30 times its weight of 6N HCl. The free HC! is driven 
off in vacuo, the ammonia removed by distillation with calcium 
hydroxide in vacuo, as described by Van Slyke (16, 17), and the 
melanin adsorbed and removed with the calcium hydroxide (16, 17), 

In the ammonia-free residue the diamino acids are precipitated 
with phosphotungstic acid, as described in the above publications 
(16, 17), except that the precipitation is done in larger volume and 
with a lesser concentration of HCI] present. It has been found, in 
work which will be published shortly, that if the concentration of 
HCl is reduced from 1 N, originally used (16, 17), to 0.25 N, the 
solubility of the diamino acid phosphotungstates is markedly 
diminished, so that their precipitation can be carried out in larger 
volume, with less danger of occlusion of significant amounts of the 
monoamino fraction. Accordingly, when 3 gm. of protein are 
hydrolyzed, the precipitation is done with 25 gm. of phospho- 
tungstie acid in a volume of 300 ec. (at 23-25°) and in the presence 
of 0.25 Nn HCl. The precipitate is filtered at the end of 48 hours, 
and washed with suction (17) five times with 8 ec. portions of a 
solution which contains 50 gm. of phosphotungstie acid dissolved 
in | liter of 0.25 ~ HCI. 

In order to increase the assurance that the diamino acids are 
freed from the monoamino fraction, the phosphotungstates are 
recrystallized as follows: The washed precipitate is rinsed with 
water back into the precipitation flask, and is redissolved by addi- 
tion of 2 N sodium hydroxide until the solution is neutral to alizarin 
red. The solution is then made up to 300 ce. volume again, 6 ce. 
of concentrated HCl are added to make the normality approxi- 
mately 0.25, the solution is heated, and 15 gm. of phosphotungstie 
acid are added. At the end of 48 hours the precipitate is again 
filtered and washed (17). 

The precipitate of diamino acids thus obtained is rinsed into a 
30 ce. volumetric flask, a drop of alizarin red is added, and 5 N 
sodium hydroxide, with stirring, until the precipitate dissolves and 
the solution is neutral to the indicator. The volume is then made 


up to 30 ee. 
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Treatment of Diamino Acid Solution with Periodate and Aeration 
of Ammonia Formed from Hydroxylysine 


The analysis is carried out on duplicate 5 ce. portions of the 
diamino acid solution. 

The Van Slyke-Cullen aeration apparatus is used for both the 
generation of the ammonia and its transfer to acid by aeration, 
two pairs of tubes being required when the analysis is run in 
duplicate. 

Into each of the two receiving tubes are measured accurately 12 
ec. of the approximately 0.1 N“ sulfuric acid. No caprylie alcohol 
is added to these tubes. It is preferable not to have it present 
when the ammonia is determined gasometrically by the hypo- 
bromite reaction. 

Into each of the two generating tubes for the periodate reaction 
are measured the following, in the order given: 

5 ec. of the diamino acid solution. (It is desirable that the sam- 
ple contain an amount of hydroxyamino acid to yield from 0.1 to 
2 mg. of ammonia nitrogen.) 

1 ec. of the 5 per cent glycine solution. 

| drop of eaprylic alcohol. 

1 ec. of 2N NaOH. 

2 ec. of 0.2 m periodic acid. 

10 ce. of the saturated KeCQs solution. 

Ammonia is formed as soon as the periodic acid is added. To 
prevent any loss of the ammonia the carbonate is added to each 
tube at once after the periodic acid, and the tube is then quickly 
closed with the stopper bearing the inlet and outlet tubes for the 
air current. As soon as all the generating tubes have been filled, 
they are connected in series and the air current is started through 
them. It is run slowly at first, about 1 bubble per second, for 2 
minutes; then it is gradually accelerated to reach 4 liters per min- 
ute at the end of 5 minutes. The current is drawn through at this 
rate for 25 minutes, so that 100 liters are passed. Several sets 
of tubes can be thus aerated in series together. 


Manometric Determination of Aerated Ammonia 


Of the 12 ce. of solution in the receiving tube 10 cc. are transferred 
with a rubber-tipped pipette to the chamber of the Van Slyke- 
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Neill manometric apparatus. ‘lo remove the air from the solution 
the mercury is lowered to the bottom of the chamber, the latter is 
shaken for 2 minutes, and the extracted air is ejected. This process 
is once repeated to remove the last traces of air. Then 1.25 ce. of 
the 10 s NaOH solution and 0.75 ce. of the bromine solution are 
mixed in the cup of the chamber and 1.5 ce. of the mixture are 
drawn down into the chamber (22). 

The mercury in the chamber is lowered to the 50 ec. mark, and 
the chamber is shaken 3 minutes to extract the nitrogen formed 
by action of the hypobromite on the ammonia. The gas volume 
is brought to either 2 or 0.5 ce., according to the amount present, 
and p,; is read on the manometer. The gas is then ejected, the 
water meniscus returned to the 0.5 or 2 ce. mark, and po is read 
on the manometer. 

Blank Analysis to Determine the ¢ Correction——An analysis, in- 
cluding the aeration, is carried through in the same way outlined 
above, except that the 5 ec. of unknown amino acid solution are 
replaced by 5 ec. of ammonia-free water. The p,; — po value ob- 
tained is the ¢ correction for the reagents. 


Calculation of Gasometric Analyses 


To calculate the amount of ammonia nitrogen yielded by the 
sample of amino acids the formula is 


Mg. ammonia N = 1.2 (p; — po — c) X Fi X PF; 


The factor Ff’. is used only when the ammonia nitrogen is less 
than 0.5 mg. 

When the hydroxy acid determined is hydroxylysine, the am- 
monia nitrogen obtained is multiplied by 2 to give total hy- 
droxylysine nitrogen. 

The factor 1.2 corrects for the fact that of the 12 ec. of 0.1 N 
acid in the receiving tube only 10 cc. were taken for the mano- 
metric determination. c is the p; — po value obtained in the 
blank analysis. 

F’, is the factor for calculating ammonia nitrogen from the pressure 
of the Nz vielded by the hypobromite reaction given in Table | of 
Van Slyke’s paper (18) and by Peters and Van Slyke ((12) p. 358). 
The factors given in these references are for pressure values meas- 
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ured with the gas at 2 cc. volume. If the measurement is made 
with the gas at 0.5 ec. volume, the 2 ec. factors are divided by 4. 

The factor, F's, corrects for the fact that when the amount of 
ammonia reacting with hypobromite is below 0.5 mg. the yield of 
Nz per mg. of ammonia, as shown by Table I, is lower than indi- 
cated by /;. The values of F2 are given by Fig. 1. 


1.10 4 
1.08 
1.06 


1.02 +4 





0 0.2 04 0.6 0.8 10 
Mg. ammonia N calc. by Fy 


Fic. 1. Values of calculation factor Ff, for varying amounts of ammonia 
determined by hypobromite. 


Alternative Measurement of Aerated Ammonia by Titration 


If less than 1.5 mg. of ammonia nitrogen is determined, absorp- 
tion and titration in boric acid solution, introduced by Meeker and 
Wagner (4), can be applied. It is convenient, because it obviates 
the use of standard alkali and affords a direct titration instead of 
one by difference. If more than 1.5 mg. of ammonia nitrogen is 
present, however, some is likely to escape absorption by the bo- 
rie acid. 

For the boric acid procedure, the receiving tube is charged with 
15 ee. of 2 per cent boric acid and 1 drop of 0.1 percent brom-cresol 
green solution. After aeration the solution is titrated with n/70 
sulfuric or hydrochloric acid from a 10 ee. burette. The end-point 
is the color of a control tube with 15 ec. of 2 per cent borie acid 
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plus an amount of water equal in volume to the N/70 acid added 
in the titrated tube. 

If more than 1.5 mg. of ammonia is present, the original Van 
Slyke-Cullen procedure is followed. The receiver tube is charged 
with 15 or 25 ec. of N/70 acid, and the excess acid is titrated back 
with standard NaOH, with alizarin red as indicator. 

Control analyses for ammonia present in the reagents are 
carried out, as for the gasometric Jetermination, and the correc- 
tion, ¢, is expressed in ec. of N/70 avid. 

The calculation is 


Mg. ammonia N = 0.2 (ec. n/70 acid — c) 


In so far as the titration and manometric measurements of the 
aerated ammonia compare, the authors somewhat prefer the mano- 
metric. The manometric method is immune to error from the 
carrying over of traces of alkaline spray from a generator tube toa 
receiving tube, and it permits more precise measurement of quan- 
tities in the lower ranges. 

Error Due to Solubility of Hydroxylysine Phosphoiungstate—In 
mixtures of the diamino acids precipitated by phosphotungstic acid 
the diamino acids are precipitated in part at least as mixed salts 
(data to be presented later), and not as individual substances each 
with its own independent solubility. The effect on a given diamino 
acid present in small amount, or forming a more soluble phos- 
photungstate than the average of the group, is to diminish the loss 
of such diamino acid below the loss that would be calculated from 
the solubility of its isolated phosphotungstate. Thus histidine or 
hydroxylysine may be present in such small amount that according 
to the solubilities of their isolated phosphotungstates neither of 
them should be precipitated at all; yet precipitation is fairly com- 
plete if plenty of lysine or arginine is present. The scantily present 
histidine or hydroxylysine is carried down with the precipitate of 
the other basic amino acids. 

As shown in the experimental part, in a mixture of lysine and 
hydroxylysine precipitated by phosphotungstie acid the amount 
of hydroxylysine in a liter of the filtrate varies inversely as the ratio 
of lysine to hydroxylysine in the precipitate. Hydroxylysine 
phosphotungstate by itself dissolves at 20° to the extent of about 
18 mg. of nitrogen per liter of phosphotungstic acid solution. 
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Mixed with 10 times the amount of lysine, the hydroxylysine is 
carried down so completely that only 3 mg. of its nitrogen remain 
in solution per liter. The 600 cc. of phosphotungstic acid solution 
used in the precipitation and recrystallization of the diamino acids 
from 3 gm. of protein in the present hydroxylysine determination 
would suffice at 20° to dissolve 11 mg. of hydroxylysine nitrogen if 
this amino acid were alone in the precipitate. Yet Table [X 
shows that when 2.5 mg. of hydroxylysine nitrogen were added to 
hemoglobin, a protein which contains none, 2.2 mg. were recovered 
from the recrystallized phosphotungstates, only 0.3 mg., equivalent 
to 0.06 per cent of the protein nitrogen, being lost in the mother 
liquors. When the same amount of hydroxylysine was added to 
gelatin (Table 1X), the loss was 0.6 mg., equivalent to 0.12 per 
cent of the protein nitrogen. In gelatin hydroxylysine is present 
to the extent of about 1 per cent of the protein nitrogen, forms a 
larger part of the hexone base precipitate than in the hemoglobin, 
and correspondingly there was a greater absolute loss of hy- 
droxylysine in the mother liquors. 

The conclusion is that one cannot apply a simple solubility cor- 
rection to hydroxylysine phosphotungstate, but that if the diamino 
acids in a protein are present in sufficient amounts to form an 
abundant precipitate (e.g., if their nitrogen exceeds 10 per cent of 
the protein nitrogen), one may assume that most of the hydroxyly- 
sine will be carried down with the precipitate of the other diamino 
acids, even if the hydroxylysine itself contains less than 1 per cent 
of the protein nitrogen. 

If a protein is encountered with less than 10 per cent of its 
nitrogen in diamino acids, it wil! be desirable, if hydroxylysine is 
determined by the present method, to add enough arginine or 
lysine (tested for freedom from hydroxyamino acid by the perio- 
date reaction) to bring the nitrogen precipitable by phosphotung- 
stic acid up to 15 or 20 per cent of the total protein nitrogen, in 
order to provide a precipitate that will carry down with it the 
hydroxylysine. 

Correction for Preformed Ammonia in Amino Acid Solutions 

Analyzed 


In the procedure used in this paper for preparation of the 
diamino acid solution ammonia is removed from the hydrolysate 
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by distillation in vacuo before the phosphotungstates of the diam- 
ino acids are precipitated. However, if the removal should not be 
complete, the ammonia left in the hydrolvsate would be more or 
less completely precipitated with the phosphotungstates of the 
diamino acids, and would be measured as hydroxylysine by the 
above method. Also, after the solution of the diamino acids has 
been prepared, if it is permitted to stand about for | or more days 
in a warm room before it is analyzed, there is a possibility of am- 
monia formation from decomposition of some of the material. 

If there is any possibility of the presence of ammonia in the 
diamino acid solution, a portion of 5 ce. is analyzed for free am- 
monia by mixing 5 ec. in a generating tube of the Van Slyke-Cullen 
apparatus with 5 cc. of saturated potassium carbonate solution 
and a drop of caprylie alcohol, and aerating and determining the 
ammonia, by either gasometric measurement or titration. The 
blank in this case is run on 5 ce. of the carbonate solution plus 5 
cc. of ammonia-free water. Any preformed ammonia found in 
the amino acid solution is subtracted from the hydroxvlysine value. 

We have performed this control with the diamino acid solution 
of all the proteins reported in this paper, but have not in anv case 
found significant amounts of preformed ammonia. 

[tis not permissible to remove preformed ammonia by a preliminary 
aeration with half saturated KoCOs; solution before the periodic acid 
is added. In the case of serine such preliminary treatment was 
found to alter the hydroxyamino acid in such a manner that part 
of it became non-reactive with periodate. Thus, after 22 minutes 
preliminary aeration, which did not evolve any ammonia from the 
serine, addition of periodate gave only 92 per cent of the theoretical 
ammonia; and when the preliminary aeration was for 50 minutes, 
treatment with periodate yielded only 86 per cent. We have not 
duplicated these experiments with hydroxylysine, but they suffice 
to indicate the need of caution in treating the -CH(OH)-.CH- 
(NH,)- group with strong alkali. Preformed ammonia may either 
be removed by vacuum distillation from mildly alkaline solution at 
low temperature, as described for the determination of hydroxyly- 
sine, or it may be determined in a control analysis without perio- 
date, as described above, and subtracted from the total ammonia 


found by aeration with periodate. 
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Remarks Concerning Conditions for Periodate-Ammonia Reaction 

While « definitely alkaline reaction is necessary for the reaction, 
addition of too much NaOH would retard it. If 3 ec., instead of 1 
ec., of the 2 N NaOH are added, the vield of ammonia is reduced 
below the theoretical (Table IV). 

It is desirable not to prolong the aeration greatly beyond the 
prescribed 25 or 30 minutes.. In the mixture of reaction products, 
glycine, and periodate, a very slow secondary evolution of am- 
monia from the glycine occurs. In experiments with serine it 
amounted only to 0.2 per cent of the serine nitrogen when the 
aeration was continued for a second half hour, but this slow reac- 
tion continued, and if the reagents were left together for hours 
before the aeration was finished the error would become appre- 
ciable. 

In the ammonia aeration method as originally described by Van 
Slvke and Cullen (19), it was permissible to add the KeCO, either 
in solid form or in saturated solution; the essential was to get the 
aerated solution at least half saturated with KsCO;. In the 
present periodate-ammonia method it 7s nol permissible to use the 
solid K.COs for the reason that it heats the solution up to about 
70° and causes an appreciable evolution of ammonia from the 


glycine. 
EXPERIMENTAL 


Effects of Acidity and Alkalinity on Reduction of Periodate by 
Hydroxylysine 


In order to ascertain the optimal conditions for reaction of perio- 
date with the -CH(OH)-CH(NH.).- group, the time curves of the 
reaction were plotted by following titrimetrically the reduction of 
the periodate. Control experiments were performed in the same 
way with alanine and serine. 

The reacting solutions contained hydroxylysine monochloride in 
0.005 m concentration and IO, in initial concentration of 0.015 
to 0.016 Mm. To some of the hydroxylysine solutions only HIO, 
was added, so that the acidity was that of the 0.015 m periodic 
acid, somewhat reduced by the buffer effect of, and reaction with, 
the amino acid. In other solutions H.SO, or NaOH was added, 


as indicated in Fig. 2. 








ea 
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At intervals after the solutions were prepared, periodic acid 
being the last constituent added, samples were drawn and titrated 
for unreduced periodate. For the alkaline solutions the arsenite 
titration was used, and for acid solutions the thiosulfate titration. 
The results are shown in Fig. 2. 

The technique used in the titrations was the following: 

Alkaline Solutions—The titrations weré performed with 0.02 N arsenite 


solution, which titrates an equal volume of 0.01 m NalO,. The 0.02 x 
arsenite was made fresh on the day used by mixing | volume of 0.1 N stand- 








M 


oles 104° reduced to 10,’ 
by 1 mole of hydroxylysine 
S 











“14 (16 «18 ~=«20 
Hours 


Fie. 2. Reduction of periodate by hydroxylysine in solutions of different 


alkali and acid content. 


ard arsenite solution with 1.25 volumes of 1 mM NaHCO, solution and diluting 
to 5 volumes with water. 

For the titration a 5 ec. portion of the amino acid-periodate reaction 
mixture was withdrawn and treated with 5 ec. of 1 m NaHCO, (unless the 
mixture had already been made up with NaHCO;) and 1 ce. of 20 per cent 
KI solution. When the bicarbonate is added, 1 mole of periodate per mole 
of hydroxyamino acid is instantly reduced to iodate, and then secondary reac- 
tions slowly continue reducing the periodate, at the rate of about 0.01 mole 
per minute per mole of hydroxy acid (see top curve of Fig. 2). To avoid 
significant plus error from the secondary reactions, it was necessary to start 
the titration with arsenite at once and to finish it without delay. An alter- 
native procedure was to add excess arsenite before the KI, and titrate back 
with iodine solution, but this indirect titration was unnecessary if the 
arsenite titration was carried through quickly 











Van Slyke, Hiller, and MacFadyen 695 


Acid Solutions—5 ce. of the amino acid-periodate mixture were mixed 
with 5 ec. of 1 N hydrochloric acid, 1 ec. of 20 per cent KI solution, and 10 ee. 
of water. The titration was performed with 0.1 Nn thiosulfate, of which 8 
equivalents titrate 1 mole of periodate. 


Hydroxylysine in the two alkaline solutions (Fig. 2) consumed 
| atom of periodate oxygen instantly. Reaction with a 2nd mole- 
cule of periodate occurred at a rate inversely proportional to the al- 
kalinity. In acid solution the reaction was immensely retarded, 
and there was no sharp break between the velocities with which 
the Ist and the 2nd periodate oxygen atoms were consumed. 

The ammonia production has been found in other experiments 
to occur quickly, with the utilization of the Ist oxygen atom. It 
appears that in alkaline solution the typical reaction, by which the 
-CH(NH,)-CH(OH). group is split, occurs instantly, and that 
the products consume a 2nd atom of oxygen at a rate which is much 
slower, and decreases with increasing alkalinity. 

Control experiments with serine gave curves identical with those 
of hydroxylysine. Alanine did not react measurably in 6 hours, 
in either acid or alkaline solution. 


Recovery of Small Amounts of Ammonia by Manometric 
Hypobromite Method 


Standard solutions of ammonium sulfate were prepared in 0.1 N 
sulfurie acid of such strength that 10 cc. contained respectively 1.0, 
0.5, 0.2, and 0.1 mg. of ammonia nitrogen. The ammonia con- 
tents were determined by pipetting 10 cc. portions directly into 
the chamber of the manometric apparatus of Van Slyke and Neill, 
and analyzing with hypobromite as described above for hydroxyly- 
sine determinations. The results calculated with the nitrogen 
factors of Van Slyke (18, 12) are shown in Table I. The results 
show that as the amount of nitrogen determined sinks below | mg. 
the factor must be increased to give 100 per cent values. From 
these data the F, factors of Fig. 1 are plotted. 


Destruction of Ammonia by Free Periodic Acid 


A solution of ammonium sulfate was prepared such that 5 ce. con- 
tained 0.986 mg. of ammonia nitrogen. 5 cc. portions of this solu- 
tion were treated as prescribed for the diamino acid solution in the 
hydroxylvsine determination, except that the amount of periodic 








acid was varied, and no NaOH or glycine was added. 
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The re- 


sults (Table Il) show incomplete recoveries of the ammonia when 


periodic acid was added. 


The amounts of HIO, added were below 


and above the 0.4 mM used in the hydroxylysine analyses. It 
appears that when ammonia and periodic acid are mixed in acid 


TABLE I 


Recovery of Ammonia from Ammonium Sulfate by Gasometric 
Hypobromite Method 


Recovery, average of 
5 analyses* 


Amount of nitrogen 
in sample analyzed 


Maximum deviation 
from average 


Mean deviation 
from average 





mg. per cent per cent per cent 
1.0 99.8 +0.1 +0).1 
0.5 99.3 +0.6 +0.3 
0.2 98.4 +0.4 +0.2 
0.1 96.9 +0.5 +0.4 
0.02 90.9 +4.7 +1.9 


* Calculated by F;, without use of Fs. 


TaBLe II 
Recovery of Ammonia from Ammonium Sulfate by Aeration with 
Half Saturated Potassium Carbonate with and without 


Previous Addition of Free Pe riodic Ac id 


' a) Periodic acid added Ammonia nitrogen recovered 
mM per cent 
0 100.3 
0.18 OS .4 
98.7 
0.54 93.9 
93.5 


solution measurable destruction of the ammonia occurs, presum- 
ably in the interval before the potassium carbonate is added. 


Non-Destruction of Ammonia in Alkaline Periodate 


The above experiment was repeated, but when periodic acid 
was added, it was preceded by sodium hydroxide, so that the 
periodate touched the ammonia only in alkaline solution. The 
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results in Table III indicate that when the periodic acid was added 
* in the presence of excess NaOH there was a quantitative recovery 


of the ammonia by subsequent aeration. 


Taste IIl 
Recovery of Ammonia from Ammonium Sulfate. Effect of NaOH in 
Preventing Destruction of Ammonia by Periodic Acid 


Sodium hydroxide added Periodic acid added Ammonia nitrogen recovered 
mM mM pericent 
0 0 100.1 
0.6 0.18 98.7 
99.5 
2.0 0.54 100.6 
99.7 
TasBLe IV 


Effect of Sodium Hydroxide on Yield of Ammonia from Reaction of 
Serine and Periodate 


Percentage of theoretical NH; yield 


2~ NaOH - 
By titration Manometric 

cc. 

3.0 SS.5 90.1 
88.2 

2.0 100.1 100.6 
100.8 

1.0 99.6 99.4 
99.3 

0.5 04.2 94.7 

0 93.6 93.8 
93.6 


Effect of Varying Amounts of NaOH on Yield of Ammonia from 
the Reaction of Serine with Periodate—-A solution of serine was used 
of which 5 ec. contained 26.50 mg. of the amino acid. Analyses 
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of 5 ec. aliquots were carried out as described for the diamino acid 
solution, with the following exceptions: (a) The amount of 2 n 
NaOH was varied; (5) the aeration was into 15 ec. of 0.02 N sulfurie 
acid. After the aeration 5 cc. of the solution in the receiver were 
used for manometric determination of the ammonia, and in a 
second 5 ec. portion the excess acid was titrated back with 0.02 x 
NaOH. The results are given in Table IV. Thev show that 
quantitative vields of ammonia were obtained when the amount 
of 2 N NaOH added was 1 or 2 cc., but that use of either more or 


less depressed the vield. 


TABLE \ 


Accuracy of Determination of Serine by Estimation of Ammonia 
Liberated by Reaction with Alkaline Periodaté 


Amount of nitrogen Recovery, average of Maximum deviation Mean deviation 

in sample analyzed 6 analyses from average from average 
mg. per cent per cent per cent 
1.0 100.3 +0.8 +0.4 
0.5 998 +0.6 +0.3 
0.2 99.5 +2.8 +1.8 
0.1 100.0 +2.4 +1.4 


Estimation of Varying Quantities of Serine by Technique Used for 
H ydroxylysine 

In order to test the accuracy of the technique with varying 
amounts of material, without sacrificing the expensively prepared 
hydroxylysine, series of analyses were run on standard solutions of 
serine. This substitution appeared justified because experiments 
with serine, like those with hydroxylvsine charted in Fig. 2, showed 
reaction curves with periodate which were identical with those of 
hydroxylysine. 

Standard solutions of serine were prepared such that 5 ce. con- 
tained 1.0, 0.5, 0.2, and 0.1 mg. of serine nitrogen. 5 ce. portions 
of these solutions were treated by the technique described for 
analysis of the diamine acid solutions for hydroxylysine, and the 


hydroxvamino nitrogen values were calculated by the formula for 
the manometric analysis, with the use of Ff. from Fig. | in estimat- 
ing the nitrogen values of 0.5 mg. and less. The results are shown 
in Table V. 
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Ammonia Liberated by Alkaline Periodate from Different Types of 
Amino Acids* 


By the technique described for analyzing the diamino acid solu- 
tion, the following non-hydroxyamino acids were found to yield no 
ammonia: arginine, aspartic acid, cystine, cysteine, djenkolie acid, 
glutamic acid, glycine, histidine, homocystine, leucine, lysine, 
methionine, phenylalanine, proline, tryptophane, tyrosine, valine. 
No amino acid without the -CH(OH).CH(NH2)- group evolved 
under the conditions of the analysis enough ammonia to amount to 
0.5 per cent of its total nitrogen. 


TasBie VI 


Ammonia Liberated by Alkaline Periodate from Hydroryamino Acids 


Nitrogen in 


Substance L re 
me. per cent of 
theoretical 
8-Hydroxyaspartie acid 2.887 98.3 
8-Hydroxyglutamic ‘“ hydrochloride 
(synthetic) 0.931 99.3 
Hydroxylysine monohydrochloride 0.463 99.4 
Hydroxyproline 1.680 0 
Phenylserine 1.039 100.3 
Serine See Table V 
Threonine 0).527 | 100.6 


On the other hand, all the amino acids which did contain this 
group evolved quantitatively as ammonia the nitrogen from the 
NH, (Table VI). Hydroxyproline alone among the hydroxy- 
amino acids in Table VI evolved no ammonia, a behavior in ac- 
cordance with the accepted assumption that the hydroxyl is not in 
the 8 position in this amino acid. — It follows from these results that 
before hydroxylysine can be determined in a protein hydrolysate 
by the periodate-ammonia method, the hydroxylysine must be 
separated from the threonine, serine, and 6-hydroxyglutamie acid; 
a separation accomplished by the phosphotungstie acid precipi- 
tation. 

‘For the methionine, cysteine, homocystine, and djenkolic acid we 
thank Dr. Vincent du Vigneaud, and for the synthetic hydroxyglutamic 
acid, Dr. H. D. Dakin. 
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Non-E ffect of Phosphotungstic Acid on Liberation of Ammonia by 
Periodate-— A serine standard was prepared in a 20 per cent phos- 
photungstic acid solution which had been neutralized with NaOH 
in the same manner as in the preparation of the base solutions for 
analysis of protein hydrolysates for hydroxylysine described above. 
Each 5 ec. sample contained 0.45 mg. of serine nitrogen, 1 gm. of 
phosphotungstie acid, and sufficient alkali to neutralize the solu- 
tion. The yields of ammonia from the serine were theoretical. 


Ammonia Liberated by Alkaline Periodate from Ethanolamine, 
Glucosamine, and Urea 

Ethanolamine and glucosamine have the -CH(QH).CH(NH,). 

group which in the hydroxyamino acids causes quantitative libera- 


Tasie VII 
Ammonia Liberated by Alkaline Periodate from Glucosamine, 


Ethanolamine, and Urea 


Nitrogen in 
eae Ammonis 


Substance sample oaame 
analyzed liberated 
- per cen! of 
9. total N 
a-Glucosamine hydrochloride 0.705 32.2 
Ethanolamine “ 1.606 85.0 


Urea 7.00 0 
tion of the nitrogen as ammonia. Urea does not have this group, 
but vields ammonia so readily under various conditions that it was 
desirable to test its behavior with periodate. The results ob- 
tained with these three substances are shown in Table VII. The 
reactions with ethanolamine and glucosamine were unexpectedly 
incomplete, but have been repeated, and the substances have been 
reanalyzed and found analytically pure. We have no explanation 
for the incompleteness of the liberation of the ammonia by these 


two substances. 2 


Solubility of Hydroxylysine Phosphotungstate Precipitated together 
with Varying Proportions of Lysine Phosphotungstate 


Portions of 400 mg. of mixed picrates of lysine and hydroxylysine 


in varying proportions were dissolved in 220 ce. of 0.25 ~ hydro- 
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chlorie acid, 13 gm. of purified phosphotungstie were added, the 
solution was heated to 100°, and then was left 48 hours at 20° for 
the phosphotungstates to erystallize. The solution was then 
filtered with suction, without washing. Of the filtrate 200 ec. were 
freed of phosphotungstie acid by extraction with 1:1 amyl aleohol- 
ether mixture (17), the aqueous phase was concentrated to dryness 
to remove HCl, and was brought to 11 cc. volume. Portions of 
5 ec. were used for determination of hydroxylysine nitrogen by the 
periodate-ammonia method described in this paper. 

Blank analyses were done in which the same procedure was car- 
ried out with all the reagents except the diamino acids. The 
amount of ammonia nitrogen vielded by the blanks was 0.043 mg., 


Tasie VIII 
Concentrations of Hydroxylysine Nitrogen in Filtrates from Mixed 
Phosphotungstates of Lysine and Hydroxylysine 
Temperature, 20°. Concentration of excess phosphotungstic acid, 
approximately 50 gm. per liter. Concentration of HCI, 0.25 Nn. 


Proportions of each amino acid ir td. mixtur ; P 
OF ™ —-* — *PP _ i Hydroxylysine nitrogen 


found in 1 liter filtrate 


Hydroxylysine | Lysine 
per cent per cent mg. 
80 20 15 
40 60 9 
10 00 3 


or 0.47 mg. per liter of filtrate, corresponding to 0.94 mg. of hy- 
droxylysine nitrogen per liter. 

The analyses of the filtrates, corrected for the blank, indicated 
the amounts of hydroxylysine remaining in solution per liter of 
filtrate shown in Table VIII. 


Recovery of Hydroxylysine Added to Proteins 


Horse hemoglobin and gelatin from pig skin were analyzed for 
hydroxylysine with and without the addition of this amino acid. 
Of each protein two portions of 3 gm. each were analyzed, and 2.5 
mg. of hydroxylysine nitrogen in the form of hydroxylysine picrate 
were added to one portion of each pair before hydrolysis. The 
small amount of hydroxvlysine was used because it is of the order 
of magnitude, about 0.5 per cent of the protein nitrogen, in which 





J 
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hydroxylysine is usually found to occur in proteins. Of the two 
proteins, hemoglobin represents one entirely lacking hydroxyly- 
sine, while the gelatins are the richest in hydroxylysine of any of 
the proteins yet analyzed. The results are given in Table IX. 

The recovery of the added hydroxylysine from the diamino acid 
fraction of the hemoglobin was 87 per cent of that added; from the 
gelatin it was 76 per cent. The losses, attributable to solubility of 
lysine phosphotungstate in the mixed precipitate of the diamino 

TaBLe IX 
Recovery of Hydroxylysine Added to Proteins before Hydrolysis 


Hydroxyamino N of 
filtrate from phospho- 


T | Hydroxy- tungstate ppt. 
Hydroxy- | , i. lysine N 

Protein analyzed lysine N t & le of diamino Moth 
added of sample acid . Mother 
hydrolyzed ee Filtrate liquors 

eneeen from from recrys- 

Ist ppt. tallized 

| ppt. 

mg. mg. mg. mg. mg. 

Hemoglobin (horse) 0 456.6 0 33.24 0.22 
Hb + hydroxylysine 2.5 459.1 2.19 33.80 0.28 
Increase due to added 2.5 2.19 0.56 0.06 

hydroxylysine 

Gelatin from pig skin 0 184.7 3.59 19.10 0.29 
= + hydroxylysine 2.5 487.2 5.50 19.46 0.38 
Increase due to added 2.5 1.91 0.36 0.09 


hydroxylysine 
* Calculated as twice the hydroxyamino nitrogen determined as am- 


monia. 


acids, have been discussed under “Error due to solubility” in con- 
nection with the description of the method. 

The quantitative efficiency of the washing and recrystallization 
in removing hydroxy acids of the monoamino fraction from the 
phosphotungstate precipitate may be estimated from the analyses 
of the mother liquors of the recrystallized phosphotungstates in 
the last two columns of Table IX. In the case of hemoglobin, 
which may be accepted as entirely free of hydroxylysine, the fil- 
trate from the first precipitation contained 33.24 mg. of hydroxy- 
amino nitrogen of the monoamino acid group. Reerystallization 
of the precipitate vielded a mother liquor with only 0.22 mg. of 
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such nitrogen, or 0.3 per cent as much, and only 0.05 per cent of 
the total protein nitrogen. It would seem that each crystallization 
and washing of the phosphotungstate removed about 99.7 per cent 
of the serine and other hydroxy acids of the monoamino fraction, 
and that the two precipitations should in general assure leaving an 
amount in the precipitate equal to less than 0.01 per cent of the 
total protein nitrogen. 


TABLE X 





Hydroxylysine Content of Proteins 


. Hydroxylysine N in 
Protein analyzed | protein hydrolysate 


per cent of total N 


Horse hemoglobin 0 

Arachin 0.01 
Lactoglobulin 0.02 
Lactalbumin 0.03 
Mixed proteins of horse plasma 0.03 
Crude papain A, 0.04 
Egg albumin scales 0.09 
Watermelon seed globulin 0.10 
Wool 0.11 
Gliadin 0.12 
Cottonseed globulin 0.23 
Casein 0.33 
Zein 0.33 
Aleuronate 0.54 
Gelatin from pig skin 0.73 
Collagen from cattle Achilles tendon 0.88 
Gelatin, Coignet, gold label 0.89 


‘‘neutral’”’ 0.90 


Hydroxylysine Determination in a Series of Proteins? 
The results in Table X were obtained by the method described 
in this paper, with manometric determination of the ammonia 
formed by periodate acting on the diamino acids. 


5 For the preparations of casein, ‘‘neutral gelatin,’’ zein, watermelon 
seed globulin, cottonseed globulin, and arachin, we thank Dr. H. B. Vickery. 
For the preparations of crystalline horse hemoglobin, gelatin from pig skin, 
collagen, lactoglobulin, lactalbumin, and papain we thank Dr. M. Berg- 
mann. For the preparation of aleuronate we thank Dr. Charles L. 


Hoagland. 
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No correction has been attempted for the solubility of hydroxyly- 
sine phosphotungstate, because, as pointed out, the solubility de- 
creases with the proportion of hydroxylysine in the diamino acid 
mixture. Because of this behavior it appears that if even minute 
amounts of hydroxylysine are present they will be carried down 
with the precipitate. Hence the fact that in ten of the sixteen 
proteins analyzed hydroxylysine nitrogen amounted to not over 
0.1 per cent of the total nitrogen must be accepted as evidence that 
these proteins contained very little of this amino acid. 

Error in the opposite direction, results too high because of 
occlusion of serine and threonine in the phosphotungstate precipi- 
tate, was estimated from the analyses of the mother liquors in 
Table LX to be probably not over 0.01 per cent of the total ni- 
trogen. 

The most striking thing about the hvdroxylysine contents is the 
fact that in no protein does the hydroxylysine nitrogen amount to 
more than | per cent of the total nitrogen. 

Collagen and gelatin are characterized by higher hydroxylysine 
contents than any of the other types of proteins analyzed. The 
amount in gelatin, 0.9 per cent of the total nitrogen, would approxi- 
mate 1.0 per cent if corrected for solubility of the phosphotungstate 
in the mixture precipitated. It is about 3 times as much as we 
have isolated from this protein in the form of picrate by the in- 
complete methods of separation that have been available. 


SUMMARY 


Hydroxylysine in protein hydrolysates has been determined by 
precipitating it with the other diamino acids as phosphotungstate, 
and determining the ammonia evolved from the -CH(OH).CH- 
(NH.)- group of the hydroxylysine when the diamino acids are 
treated with alkaline periodate. 

Under the conditions employed for the periodate-ammonia re- 
action with hydroxylysine, the other amino acids with the -CH- 
(NH.2)-CH(OH)- group, viz. serine, threonine, and 8-hydroxy- 
glutamic acid, also give quantitative vields of ammonia; no amino 
acid without this group has been found to yield ammonia. In the 
analysis of protein hydrolysates for hydroxylysine, the other 
ammonia-vielding amino acids are completely separated from the 
hydroxylysine by reerystallization of the diamino acid phos- 


photungstates. 
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In a series of sixteen proteins analyzed for hydroxylysine only 
six were found in which hydroxylysine contained over 0.1 per cent 
of the total nitrogen, and in only gelatin and collagen did the 
amount approach | per cent of the total protein nitrogen. 
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THE FORMATION OF LANTHIONINE ON TREATMENT 
OF INSULIN WITH DILUTE ALKALI 


Sirs: 


The fate of the sulfur of insulin during the inactivation of 
insulin by dilute alkali has long been a controversial subject. 
Whether or not the inactivation of the insulin is due solely to the 
effect of the alkali upon the dithio linkages is yet an open ques- 
tion. However, during alkali inactivation of insulin there is 
destruction of cystine?* and a liberation of sulfide sulfur.?4 
However, no experiments have as yet been performed which 
account for all of the cystine sulfur which disappears under 
dilute alkali treatment. 

The isolation of the new sulfur-containing amino acid, 
lanthionine, by Horn, Jones, and Ringel’ and Horn and Jones*® 
from wool, human hair, and lactalbumin which had first been 
treated with dilute sodium carbonate suggested to us that the 
formation of lanthionine might explain, at least in part, the fate 
of the cystine sulfur unaccounted for in alkali-treated insulin. 
This possibility was therefore investigated with the following 
results. 

When 2.95 gm. of amorphous insulin (iletin powder W-1002, 
21 to 22 units per mg.)’ were treated with 40 ce. of 2 per cent 


! Freudenberg, K., and Miinch, A., Z. physiol. Chem., 263, 1 (1940). 

*du Vigneaud, V., J. Biol. Chem., 76, 393 (1927). Schéberl, A., and 
Rambacher, P., Ann. Chem., 538, 84 (1939). 

3 Jensen, H., Evans, E. A., Jr., Pennington, W. D., and Schock, E. D., 
J. Biol. Chem., 114, 199 (1936). 

* Abel, J. J., and Geiling, E. M. K., J. Pharmacol. and Exp. Therap., 26, 
423 (1925). 

5 Horn, M. J., Jones, D. B., and Ringel, 8. J., J. Biol. Chem., 188, 141 
(1941). 

® Horn, M. J., and Jones, D. B., J. Biol. Chem., 189, 473 (1941). 

’The authors wish to thank Eli Lilly and Company for the insulin 
sample and for the research grant which has aided this work. 
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sodium carbonate at 100° for 1 hour, 88 per cent of the cystine, 
as determined by the Sullivan’ method, was destroyed. The 
sample was then hydrolyzed with HCl and lanthionine was 
isolated by the procedure of Horn, Jones, and Ringel.’ 29 mg. 
of the typical triangle-like crystals of mesolanthionine were 
isolated.*"” This represents a yield of 5.5 per cent of the total 
sulfur of the insulin as mesolanthionine and is of the same order 
of magnitude as the vield obtained from wool. This sample 
contained 15.16 per cent sulfur (theoretical value 15.40). The 
benzoyl derivative melted at 208° (corrected), and when mixed 
with an authentic sample, showed no depression of the melting 
point. 

It was found that lanthionine was also formed by the action of 
n/30 NaOH on insulin. A 500 mg. sample was treated with 
8 ce. of N/30 NaOH at 38° for 96 hours, at which time 92 per cent 
of the cystine was found to have been destroyed. This sample 
was then hydrolyzed and about 5 mg. of the typical meso- 
lanthionine crystals were isolated. 


Department of Biochemistry VINCENT DU VIGNEAUD 
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§ Sullivan, M. X., and Hess, W. C., Pub. Health Rep., U. S. P. H.S., 
suppl. 86 (1930). 

*du Vigneaud, V., and Brown, G. B., J. Biol. Chem., 138, 151 (1941). 

1° Brown, G. B., and du Vigneaud, V., J. Biol. Chem., 140, 767 (1941) 
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STEROIDS 
V. a-ESTRADIOL AND PROGESTERONE METABOLISM * 
Sirs: 

To gain insight into the course and interrelationship of the 
metabolism of the estrogenic and progestational hormones, a 
chemical study has been made of the fate in the rabbit of a- 
estradiol and progesterone injected separately and concomi- 
tantly. 

In all experiments, 300 mg. of each or either hormone were 
administered over 7 days to a pair of adult females. The urine 
was extracted with ether after } hour in the autoclave at 121° 
and pH 1.8, and the ether-soluble material was divided in the 
usual way into acidic, ketonic and non-ketonic phenolic, and neu- 
tral alcoholic fractions, from which the respective metabolites 
were obtained in crystalline state by adsorption on alumina and 
fractional elution with solvent mixtures. All products were iden- 
tified by mixed melting point determinations and as derivatives. 

In the intact estrous animal, 300 mg. of a-estradiol gave 7.8 
mg. (2.6 per cent) of estrone (m.p. 248-252°) and 36.2 mg. (12.1 
per cent) of 8-estradiol' (m.p. 222-224°, m.p. of diacetate 140- 
142°). The simultaneous administration of progesterone and a- 
estradiol or estrone to the intact estrous (three experiments) 
and to the hysterectomized-ovariectomized (one experiment) 
rabbit did not alter the qualitative picture; in all cases 8-estradiol 
and estrone were obtained in the proportion of 4-5 to 1. Chro- 
matographic separation of the non-ketonic phenols in each instance 
into 40 to 80 fractions with an average weight of 1 to 2 mg. yielded 
no estriol, nor could its presence in any of these fractions be demon- 
strated by the David color reaction. That the conditions of 


* Aided by grants from the Banting Research Foundation, the National 
Research Council, and Charles E. Frosst and Company. 

' See also Stroud, 8. W., J. Endocrinology, 1, 201 (1939), and Fish, W. R., 
and Dorfman, R. I., Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 140, p. xl 
(1941). 
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processing of the urine permit of the isolation of estriol was shown 
by the recovery of 29.6 mg. (m.p. 276-280°) after injection of 300 
mg. Thus the chemical findings fail to substantiate the hy- 
pothesis that estriol formation from a-estradiol or estrone takes 
place in the uterus under the influence of progesterone, a concept 
elaborated by colorimetric and bioassay of the “‘weak” and 
“strong” phenols of rabbit and human urine.” 

Pregnane-3(a), 20(a)-diol is the chief metabolite of progesterone 
in the rabbit as in the human, and the extent of the conversion 
is about the same. The diol (m.p. 238-240°, m.p. of diacetate 
178-180°) was isolated from the neutral alcohols of the urine of all 
progesterone-treated animals in quantity equivalent to 7 to Il 
per cent of the luteoid given; no other reduction product was 
encountered. It is not, however, eliminated in conjugation with 
glucuronic acid, as evidenced by failure to obtain pregnanediol 
glucuronide from unhydrolyzed urine on application of the 
Venning® method. Almost as much pregnanediol was recovered 
in the absence of the uterus, which bears out clinical observations‘ 
and suggests that the reduction is more probably concerned with 
the inactivation of the hormone than with its utilization in causing 
progestational proliferation. 

The investigations are being extended; full details will be pub- 
lished shortly. 

D. H. Hearp 
W. 3S. Bautp 
M. M. Horrman 


Department of Biochemistry 
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* Pincus, G., in Cold Spring Harbor symposia on quantitative biology, 
Cold Spring Harbor, 5, 44 (1937). Smith, G. Van 8., and Smith, O. W., 
Am. J. Obst. and Gynec., 36, 769 (1938). 

’ Venning, E. H., J. Biol. Chem., 119, 473 (1937). 

‘Venning, E. H., and Browne, J. 8S. L., Endocrinology, 27, 707 (1940). 
Jones, G. E.8., and TeLinde, R. W., Am. .J. Obst. and Gynec., 41, 682 (1941). 
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